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Microscopical Study of a Multilayer Nylon Body 
Armor Panel After Impact 


G. Susich, L. M. Dogliotti, and A. S. Wrigley 


Pioneering Research Division, Quartermaster Research and Engineering Center, Natick, Massachusetts 


Abstract 


A body armor panel consisting of twelve identical layers of 2 * 2 basket weave nylon 
fabric was investigated after impact by a fragment simulator .22-caliber steel missile in 
the range of 330-420 m./sec. (1100-1400 ft./sec.) striking velocities. The kinetic 
energy of the projectile was either slightly higher or lower than that the panel could 
absorb (706,000 g.-cm. ). 

Completely and partially penetrated holes were investigated. The area surrounding 
the bullet holes was studied to learn about the various types of deformations and 
damages in each layer. The microscopic observations were obtained at various magni- 
fications (5, 10, and 200 X) from cross sections of the panel and from individual layers 
removed from the panel. 

Cross sections at various levels were made in three directions, either perpendicular 
or parallel to the panel surface. In these sections the distortion of the fabric pattern, 
alignment of extended, unravelled, and broken yarns into the direction of bullet move- 
ment, compression of yarns, softening, heat relaxation, fusion, decomposition, and 
fibrillation of nylon filaments were observed. It was recognized that the permanent 
damage was localized to a small area close to the path of the fast-moving missile. 

After separating the panel into individual layers, the stoppage of the projectile was 
studied. A slight dissipation of the stress was observed in those layers which were 
exposed to the bullet after it was slowed down. Some damages to nylon filaments were 
caused by the transient and localized heat generated during the impact of the missile. 
Fibrillation indicates the vigorous movements of filaments which took place in the panel 
during penetration. The restriction of permanent deformations and defects to small 
regions was explained by the presence of cross yarns. They prevent the propagation 
oi the stress from the impacted spot to any considerable length along the yarns. 


Introduction penetration of missiles under increasingly severe 

conditions. The conditions of ballistic tests are 

The impact behavior of textile fabrics generally is determined by the material, weight, dimensions 
studied in ballistic tests by firing missiles at the (shape), and velocity of the missile striking the fab- 
fabric under well controlled conditions. The bal- ric, by the direction of incidence and of penetration, 


listic resistance is obtained readily by observing the and by environmental conditions, such as tempera- 
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ture, humidity, backing, etc. It is preferable to keep 
all these factors in ballistic tests constant except for 
the velocity of the missile. The ballistic resistance 
of a fabric can then be expressed conveniently by the 
highest striking velocity at which retention of the 
projectile occurs. The ballistic test by itself does 
not provide any information on the way in which the 
textile material fails or resists. Since the fabric and 
its elements (yarns and single fibers) are deformed 
by the impact, they can be studied by microscopical 
methods. 


‘ ’ a7 
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Fig. 1. Fabric surface and yarns removed from the 
fabric. (A) 2X2 basket weave; (B) warp yarns; (C) 
filling yarns. Two left yarns seen normal, two right yarns 
seen parallel to the fabric surface. 
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The alterations of the fabric are either temporary 
or permanent. If deformations are caused by rela- 
tively low stresses, they do not exceed the elastic 
limit, and the fabric may recover after the impacting 
process has ceased. High stresses cause deforma- 
tions which remain and represent damages to the 
fabric. They are predominant at sufficiently severe 
conditions when a hole appears in the textile material. 

The microscopical examination of fabrics during 
the impact of the bullet would be extremely instruc- 
tive. It could reveal temporary as well as permanent 
deformations of the material, including movement of 
the fabric and any other alterations at different stages 
of the impact. The high speed at which deformatjons 
take place and the limitations of conventional micro- 
scopes, such as short working distance, small depth 
of focus, etc. make these examinations unfeasable. 
If instead of a single fabric layer a fabric panel con- 
sisting of many layers has to be studied, the micro- 
scopical observation would be necessarily restricted 
to the first and last layers. This is a great disad- 
vantage, because no information would be gained on 
the performance of individual layers within the panel. 
It is, therefore, more practical and yet informative to 
examine the behavior of a fabric panel after it was 


B C D 














50 5 10 5 0 5 


Stress-strain relationship and recovery behavior of 5-ply 210/34 nylon yarn Type 300. (A) stress-strain curve; 
(B) immediate elastic recovery; (C) delayed elastic recovery; (D) permanent set. 
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impacted by missiles. It must be mentioned that the 
impact of a multilayer panel hardly can be con- 
sidered as a superposition of the impact on a number 
of single fabric layers. The simultaneous presence 
of many layers in close contact with each other in- 
fluences the penetration of each individual layer 
markedly. 


If the nylon body armor panel is hit by a steel 


missile at a sufficiently high striking velocity, the 


first layer is severely damaged and penetrated. This 
occurs after it was extended or compressed, depend- 
ing upon the resistance of the layers backing the 
fabric. During penetration the missile loses part of 
its original velocity and kinetic energy. The velocity 
of the projectile is reduced as it passes through the 
first and subsequent layers, since each layer absorbs 
a portion of the energy. Thus a deceleration of the 
missile takes place until either the energy of the 
missile has been fully absorbed or all layers have been 
penetrated. In the case of complete penetration, the 
missile leaves the panel with a residual velocity and 
kinetic energy usually much lower than the original, 
and the panel provides some protection to the human 
body. If the kinetic energy of the missile diminishes 
to such an extent that it is no longer able to emerge 
from a layer, the missile is stopped. A _ partial 
penetration takes place; nevertheless, unpenetrated 
layers become deformed by the 


pressure of the 


projectile. In this case the panel gives full protection 
to the human body. 

The slowing down of the missile and the extraction 
of its energy cannot occur without substantial altera- 
tions of the fabric. The most obvious of them is the 
appearance of holes. They represent the path of 
the fast-moving projectile and remain in the panel 
after the missile emerges from the last layer or is 
stopped. During penetration, of course, much move- 
ment takes place in the area surrounding the holes, 
causing dislocations and deformations of yarns and 
filaments. These are partly reversible and can re- 
cover either immediately or after a while, depending 
upon the elastic and creep properties of the textile 
material. An essential portion of alterations in the 
is irreversible. 
Therefore, the fabric around holes appears drastically 


area close to the missile movement 
deformed. Yarns are extended, bent, compressed, 
unravelled, partially or completely ruptured, and are 
no longer in their original locations. These can be 
recognized in impacted panels to some extent with 
the naked eye. They can be better studied by micro- 
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scopic techniques after making cross-sections or after 
Both 
methods were used in this investigation, in which the 


separating the panel into individual layers. 


surrounding area of holes was studied at appropriate 
magnifications. The holes served as “footprints” of 
the fast-moving projectile. They revealed the per- 
manent alterations caused by the impact of the pro- 


jectile. 


The Nylon Panel Tested 


The body armor panel tested consists of twelve 
layers of the same nylon fabric, assembled in identi- 
button-stitched together. The 
dimensions of the panel were approximately 30 x 40 
(12 x 


(90// g. 


cal positions and 


cm. 16 in.), its weight was 18.6 oz./sq. ft. 
m.*), and its thickness varied from 11 to 
13 mm. depending upon the airspaces between the 
layers. 

The fabric was made to meet the Military Specifi- 
“Cloth Nylon Duck, Lightweight” MIL-C- 
12369 (QMC) of 4 December 1952. It is a 2 XK 2 
basket weave nylon fabric, shown in Figure 1A, hav- 
ing a weight of 14.0 oz./sq. yd. (474 g./m.*) and 
an approximate thickness of 0.8 mm. 


contains 49 ends and 44 picks/in. 


cation 


The fabric 
(19.3 and 17.3 
210/34 nylon 
Type 300 (Du Pont) multifilaments with low twist. 


threads/cm. respectively) of 5-ply 
Warp and filling yarns are identical, their size being 
116.6 tex [1, 2] (1050 den.), each containing 170 
single filaments of 0.67 tex (6 den.). 

The tensile properties, including the elastic be- 
havior of the nylon yarns, are illustrated in Figure 
2 and Table I. They represent average values from 
ten specimens tested under standardized conditions 
(21.2° C. = 70° F. R.H.) at a strain rate 
of 100% /min., using the Instron Tensile Tester TTB 


and 65% 


and a testing technique described in more detail 
previously [11]. 

The nylon yarn was highly drawn. It 1s a strong 
fiber, with a remarkable extensibility and conse- 
quently high energy absorption compared to other 
textile materials. It is also a very elastic fiber, since 
a considerable portion of its elongation recovers 
after the tension is released. The major part of this 
recovery does not take place immediately, however, 
but requires some time, and is known as delayed 
elastic recovery (see Table I). 

The tensile properties of nylon characterize the 
mechanical resistance of the yarns when extended 
in a direction parallel to the fiber length at a strain 
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rate essentially lower than prevailing in_ ballistic 
tests. In ballistic tests yarns are subjected to 
stresses practically normal to the fiber length. The 
behavior of yarns in the fabric is greatly affected by 
the presence of two yarn systems. The impact of 
the missile and its movement elongate the yarns in 
the panel. Their extension is restricted, however, by 
the cross yarns and the resistance of layers backing 
the fabric. Extension of yarns is, of course, not the 
only deformation which takes place in an impacted 
fabric ; yarns are also compressed, bent, and sheared. 
Therefore it can be expected that the tensile prop- 
erties of yarns are not sufficient for interpreting the 
ballistic behavior of the panel. 

Warp and filling yarns are set (permanently fixed) 
in the fabric by the heat treatment at 163° C. 
(325° F.) prescribed in the specification. The yarns 
have a two-dimensional crimp which is very uniform 
and different in the two yarn systems. This can be 
recognized in Figures 1B and C, where warp and 
filling yarns, removed from the fabric, are illustrated 


as seen from two directions. The crimp plane of 





TABLE I 


Tensile Properties of 5-Ply 210/34 Nylon Type 300 Yarn 
(Du Pont) (116.6 tex) [1, 2] 


7900 g. 

67.7 g./tex 

23.6% 

324 g./tex 

860 g.-cm./tex/m. 


Breaking load 

Breaking tenacity 
Elongation at break 

Initial modulus of elasticity 
Total energy of rupture 


Recovery Behavior at the Breaking Point [11] 
Elongation Energy 


70 of 
total 


% g.-cm./ %of 


tex/m. total 





Immediate elastic recovery ae 101 12 
Delayed elastic recovery 

(Primary creep) wy ® : 371 43 
Permanent set .0: é 388 


Total 860 


9 Imm 
Fig. 3. Cross sections of the 2 X 2 nylon fabric. 
cross section; (B) filling cross section. 


(A) warp 
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warp and filling are mutually perpendicular to each 
other and both are normal to the fabric surface. 
The fabric is slightly unbalanced due to its texture. 
In the final setting operation warp yarns obtain a 
more pronounced crimp. The wave length of the 
crimp, its amplitude, and the flattening of warp are 
higher than for filling. The flattening of yarns in 
sach system can be recognized by comparing the yarn 
diameters as they appear normal and parallel to the 
fabric surface in Figures 1B and C. The “ellipticity” 
of yarns is more readily observable from fabric 
cross sections, shown in Figure 3. Here the two 
yarns appear pressed together to form elliptical 
double yarns. Warp yarns are slightly more flattened 
than filling yarns. The ratio of minor to major axis 
in the elliptical cross sections is approximately 1 : 3.2 


for warp and 1 : 2.4 for filling. 


Ballistic Tests 


The ballistic resistance of the panel was tested 
using the .22-caliber (5.6 mm.) 17 grain (1.052 g.) 
fragment simulator steel missile T-37 in the range of 
330-420 m./sec. (1100-1400 ft./sec.) striking veloci- 
ties. The missile has a rectangular (chisel-shaped ) 
nose ; its dimensions are shown in Figure 4. 

The locations of holes representing 20 shots fired 
into the panel approximately 5 cm. (2 in.) apart 
from each other are illustrated diagrammatically in 
Figure 5A. Looking in the direction of projectile 
movement, the top of the panel is marked north, the 
bottom south, the right side east, and the left west. 
These designations were useful for defining loca- 
tions in the panel. They were necessary in discuss- 
ing the cross sections made in different directions 
and were also suitable for describing both sides of 
individual layers after they were taken out from the 
panel. 

Of the 20 holes, 12 were complete and 8&8 were 
partial penetrations. Figures 5B and C are X-ray 


Se eee eee 


Fig. 4. Fragment simulator steel missile. (A) back view 
with rim; (B) side view; (C) front view 
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pictures of the impacted panel taken from two direc- 


tions perpendicular to each other. They illustrate 


the position of the 8 bullets after they were stopped 


by the panel. These missiles could not penetrate the 


panel, partly because of their too low striking velocity 


and kinetic energy’ and partly because of their 


tumbling. None of them had a striking velocity 


higher than 374 m./sec. (1226 ft./sec.), equivalent to 


a kinetic energy of 748,000 g.-cm., while correspond- 


rhe kinetic energy is the capacity of moving objects to per- 


form work; it can be expressed conveniently either by ergs, 
t J . 


absolute work units of the CGS system, or by gravitational 


work units. In this study gram-centimeter, a gravitational unit 


of the metric system, will be used. Energy values are obtained 


. . . ‘ ‘ 
from the equation E where E is the kinetic 
OR] 
energy in g.-cm., w t grams 
(1.052 g.), wv the velocit nd 1/981 


a conversion tactor 


in g.-cm. can | 
3x 10 


system) or witl 


ve transformed by multiplica 


Energy values 
/ 


> 


tion with 
English 


into ft.-lb. (gravitational units of the 
tc 
t 


2.34 X If into calories (units of 


thermal energy ) 


NORTH 


WEST EAST 
ENTRANCE 


Fig. 5. Nylon body armor panel after impact. 


(A) position of holes (encircled numbers represent complete penetrations) ; 
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ing values for complete penetrations were as high as 
426 m./sec. (1398 ft./sec.) and 971,000 g.-cm., re- 
spectively. In spite of the relatively small distance 
(a few feet) between muzzle and panel, the majority 
of the bullets deviated during penetration more or 
less from their original direction. It is obvious that 
a greater number of yarns will resist the missile if 
its movement is not perpendicular to the panel sur- 
shortest distance through the 


face, follow ing the 


panel, but goes in oblique directions, which may 
even change during penetration. As a result of this 
tumbling, the chance to stop the missile increases by 
the resistance of a larger number of yarns directly 
hit by the bullet, because each of them is able to 
absorb a certain amount of energy. 

The microscopical study started after the ballistic 
test of the panel, and all but four of the twenty holes 
were studied. Only nine holes will be discussed here 
and three 
20). 


Figure 5A 


six complete (No. 3, 5, 7, 9, 10, and 13 
partial penetrations (No. 16, 18, and Their 


location can be recognized on 


B 


They 


(B) X-ray picture from the front; (C) X-ray picture from the top (north). 
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were examined either by the sectioning or by separat- 
ing techniques. 


Sectioning Technique 
Experimental Procedure 


Sections of the panel were made perpendicular and 
parallel to the fabric surface at different levels. For 
this, purpose the panel was embedded in a plastic 
material. The embedding was slightly different for 
complete and partial penetrations, because in the 
latter case the missile had to be removed before sec- 
tioning. 

After an area 2.5 cm. (1 in.) square around a com- 
pletely penetrated hole was stitched through all 
layers, it was cut out from the panel with a sharp 
razor blade. It was marked by one or two dyed 
threads, necessary for identifying the original posi- 
tion of sections. The small rectangular part of the 
panel containing the hole was sewn together firmly 
with overcast stitches and then soaked in a liquid 
mixture of methyl-methacrylate and a_ plasticizer 
(37% Santicizer M17) in a beaker for several days. 
It was frequently evacuated in a dessicator to elimi- 
After a 
few days the wet panel was transferred into a new 
mixture to which a polymerization catalyst (0.8% 
Luperco AC) was added. 


nate air bubbles between layers and yarns. 


It was then heated (47° 
C.= 117° F.) until polymerization took place. In 
abeut 20 hr. a transparent and fairly hard plastic 
block was obtained containing the panel with the 
hole. After the beaker was broken, the immediate 
surrounding of the hole was sawed out from the 
block, trimmed down to the proper size, embedded 
again in the methyl-methacrylate plasticizer mixture, 
and polymerized. The block finally obtained was 
then embedded in moderately hard paraffin wax 
(melting point 56-58° C. = 133-136° F.) to fit into 
the specimen holder of a Spencer Sliding Microtome, 
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where the cross sections were made. 
obtained were relatively thick 


The sections 
(100-250). Al- 
though it was possible to make thinner sections, they 
were uneven and did not entirely cover the area we 
were interested in. 

The first step in embedding a partially penetrated 
hole was identical to that for a completely penetrated 
hole. After a plastic block was obtained, it was cut 
into two halves around the bullet. 
removed half shell; then re- 
embedded and treated in the same way as described 
previously. 


The missile was 
from one this was 
It is obvious that the preparation of 
cross sections from partial penetrations is even more 
timeconsuming than that of complete penetrations. 
It also requires some experience and skill, because it 
is essential to remove the projectile after the first 
embedding without damaging those yarns which are 
in contact with the missile. 

The different steps of the embedding process are 
illustrated by seven samples in Figure 6; (A) shows 
the surrounding area of a complete penetration ( Hole 
No. 3) cut out from the panel and sewn together be- 
(B) is the view of a 
completely penetrated hole (No. 13) after polymer- 
ization in a beaker. 


fore embedding. entrance 


The vertical black thread to the 
left of the hole is a marking for identification pur- 
poses. (C) is a plastic block after cutting out and 
eliminating the immediate surrounding of the hole. 


(No. 9, discussed later.) Only unpenetrated parts 


of the panel are visible. (D) is an embedded hole 
(No. 10) with black marking thread to the right, 
re-embedded in plastic for sectioning perpendicular 
to the panel surface. (E) is an embedded hole (No. 
7), re-embedded in the plastic and in paraffin after 
a number of cross sections were made parallel to the 


panel surface. (F) is the remaining (west) shell of 


an embedded partial penetration (No. 16) with the 
bullet after the plastic block was cut into two halves. 
Sections shown in Figures 9A—D were made from 


Fig. 6. Demonstration of the 
embedding technique. (A) panel 
before embedding; (B) panel in 
beaker after polymerization; (C) 
rest of plastic block after removal 
of. the embedded hole; (D) em- 
bedded hole with marking thread 
re-embedded in plastic; (E) em- 
bedded hole re-embedded in plastic 
and paraffin; (F) embedded partial 
penetration with missile; (G) un- 
penetrated part of panel after sec- 
tioning. 
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the other (east) half shell. (G) is the remainder of 
a plastic block after the cross sections through a com- 
pletely penetrated hole (No. 5) were made and after 
removal of the surrounding paraffin. Cross sections 
through unpenetrated fabric layers are visible. Their 
locations were below the hole (to south) shown in 
Figure 7A. 


Warp Cross Sections of a Complete Penetration * 


The entrance and exit views of a completely pene- 
trated hole (No. 5) are shown in Figures 7A and B. 
The entrance hole is smaller than the circular cross- 
section of the bullet and is relatively well defined. 
The longitudinal opening indicates the rectangular 
shape of the missile nose. The exit hole is rather 
large and less distinct, since it is covered by numer- 


ous loose yarns protruding from the panel surface. 


Some of them are broken, while others form loops. 


They were pulled out from the last layers of the 


panel. The dissimilarity of the entrance and exit 


holes reflects the markedly different conditions under 
which they were formed. The first layer was hit at 
a velocity of 409 m./sec. (1342 ft./sec.) equivalent 
to a kinetic energy of 895,000 g.-cm. The missile 
was slowed down and lost an essential part of its 


originally high energy. The panel absorbed ap- 
proximately 706,000 g.-cm., or 79% of the impact 
energy.* The missile left the panel with a residual 


velocity of 188 m./sec. (616 ft./sec.) corresponding 


to a kinetic energy of 189,000 g.-cm., or 21% of the 
original impact energy 

In the first layer, hit at high velocity, sharp bend- 
ing and rupture of yarns by shear and extension 


took place. The permanent deformation is localized 


to the path of the bullet. The resistance of the first 


layer was enhanced by the other layers backing 


(stiffening) the first. In the exit layers, where the 


missile moved much slower and no backing exists, 


*In warp cross sections of the panel, warp yarns are cut 
through perpendicular to the yarn length, while filling yarns 
are sectioned longitudinally (parallel to the yarn axis). 

' The energy extracted from the projectile indicates the 
resistance of the panel and varies depending upon the path 
(length, direction) and the position of the missile during 
penetration. Neither was known 


exactly for the holes 
formed in the panel. 


Although the exit velocities of the 
missiles were not measured in the ballistic tests performed, 
it could be estimated that the panel was able to absorb ap- 
proximately 706,000 + 42,000 g.-cm. energy. This value cor- 
responds to a missile velocity of 363 + 11 m./sec. (1190 + 36 
it./sec.) 


10 mm 


Fig. 7. Completely penetrated hole (No. 5) 


view ; 


(A) entrance 
(B) exit view. 


the extension and pulling out of yarns prevail instead 
of rupture. The stress is dissipated to an area 
larger than the cross section of the bullet. 

The holes through the first and last layers of the 
panel are the only ones visible. In order to observe 
the damage in other layers, a series of warp cross 
sections were made at different levels of the hole, as 
indicated in Figure 7A. Five sections are demon- 
strated in Figures 8A—E, the distance between sec- 
tion (A) and (E) being approximately 4 mm. 

The photographs were made at the relatively low 
original magnification of ten diameters. The cross 
sections of the panel are shown in the same positions ; 
this is indicated by the two black marking threads in 
the upper right and lower left corners. In each pic- 
ture, sections through the twelve individual fabric 
layers appear. The entrance layer is on the bottom 
and the exit on the top. 

The sections start above the hole in the first layer 
(north of the panel) and proceed from north to 
south. Section (A) shows an unaffected fabric 
pattern in the first four layers. Warp yarns follow 
a direction practically normal to the plane of the 
pictures ; they appear moderately flattened. Filling 
yarns lay horizontally (in the west-east direction) 
While 


only slight alterations can be seen in the following 


and exhibit their regularly crimped state. 


two layers, the middle part of the seventh, eighth, 
and ninth layer is already distorted. Yarns are bent 
in a direction parallel to the movement of the missile, 
The 
crimp of filling deviates here from its originally 
regular waviness. 


which is from bottom to top on the picture. 


These distortions suggest that 
this area of the panel was not too far away from the 
path of the missile. In the last three layers the 
disturbance of the fabric pattern diminishes. Behind 
the panel (in the upper left corner of the picture) 
They 


loose yarns and single filaments are visible. 
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were pulled out by the missile at levels lower than 
this section and were cut through by the microtome. 
We can conclude that the projectile formed this hole 
by moving first upward (to the north) and turning 
then downward (to the south) in the middle layers of 
the panel. The tumbling of the missile appears 
clearer in Section (B), made slightly above the hole 
of the entrance layer. While the first two layers re- 
mained almost unaffected, the following layers are 
more or less distorted, and a channel through the 
panel can be recognized starting at the fifth layer. 
(C) shows a section across the hole ; the channel goes 
through all twelve layers. It represents the path of 
the bullet at this level. In the first layers, unravelled 
warp and filling yarns are bent around the corners 
of the opening. They are aligned in the direction of 
projectile movement similar to the orientation of 
longitudinal bodies into the direction of flow in an 
air or liquid stream. The intrusion of yarn ends into 
the hole makes the channel markedly narrower than 
the diameter of the circular cross section of the bul- 
let which passed through the hole. Some of the 
aligned yarns are broken, and their ends appear 
curled (as a result of heat relaxation) or even fused. 
In Section (D) the hole started to close from the 
exit side. The first five layers were penetrated. 
Their opening became increasingly narrower, be- 
cause of the upward motion of the missile discussed 
above. The layers following the fifth remained un- 
broken ; their middle portion is markedly disturbed. 
In Section (E), cut through the lower part of the 
entrance hole, only the first two layers appear rup- 


E 
ENTRANCE 
Fig. 8. 
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tured. In the following layers the middle portion is 
still distorted, indicating that the path of the bullet 
must have been close and above this part of the 
panel. A part of the last layers, not backed suffi- 
ciently by others, appears extended and bulged out 
from the panel due to the pressure exerted by the 
projectile. 


Filling Cross Sections through a Partial Penetration 


A sequence of four cross sections through a par- 
tially penetrated hole (No. 16) is illustrated in Fig- 
ures 9A-D. 


surface and to the sections shown in Figure 8. 


They are perpendicular to the fabric 
Here 
filling yarns are cut transversely and warp yarns 
longitudinally. 

The bullet hit the first layer with a velocity of 360 
m./sec. (1180 ft./sec.) corresponding to a kinetic 
energy of 693,000 g.-cm., which is much lower than 


for the previously discussed complete penetration. 


The panel entirely absorbed the energy of the missile. 
The bullet penetrated the first six layers and rup- 
tured some yarns in the following two layers with- 
out emerging from them. Although the last four 
layers remained unbroken, they were extended. They 
protrude slightly from the panel, indicating the pres- 
sure of the bullet. After the bullet was stopped, a 
cavity, corresponding to the shape of the missile, re- 
mained in the panel. Sectioning started in the middle 
of this cavity and proceeded from west to east. The 
first and last sections were approximately 4 mm. 
apart. 


A sack-like hole can be seen in Section (A), open 


Warp cross sections through a completely penetrated hole (No. 5). 
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at the entrance side. Sharply bent yarns are aligned 
in the direction of the missile movement, forming an 
envelope around the resting projectile. Compressed 
residues of the sixth and following layers are visible 
Although the last 
four layers are not ruptured, their pattern is dis- 
turbed. 


at the level of the ninth layer. 


The crimp in warp yarns is diminished due 


to tension. Filling yarns are very much flattened; 
their ellipticity is substantially increased up to a 
ratio 1 : 4 of minor to major axis. In Section (B) 
the hole is closed. Apparently the missile turned 
with its nose slightly to the south-east (as indicated 
by the position of the missile in Figures 5B and C) 
before it was stopped. Similar to the previous sec- 
tion, ruptured and compressed residues of the sixth 
and subsequent layers are visible at the end of the 
hole, followed by the unpenetrated last four layers. 
They are bent, and their deformation is revealed by 
extremely flattened filling and straightened-out warp 
(C) small and the 


distortion of the fabric pattern is somewhat dimin- 


yarns. In Section the hole is 


ished. The hole disappears entirely in the last sec- 


tion—(D). The middle part of the fifth to eighth 


A 


Fig. 9. 


Fig. 10. 
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layers is still much affected, suggesting that the 
missile moved close (probably 1 mm. west) to this 
area. In all sections a considerable gap appears be- 
tween the fifth and sixth; a smaller one occurs be- 
tween the following two layers. These gaps reflect 
the pressure of the projectile forcing these layers 


apart. 


Cross Sections Parallel to the Panel Surface Through 
a Complete Penetration 


In the series discussed so far, 12 layers of the 
panel were cut through simultaneously. If sections 
are prepared parallel to the panel surface, it is pos- 
sible to cut through one layer and to prepare sections 
in the same sequence as the missile progressed. This 
will be illustrated for a completely penetrated hole 
(No. 9), (1244 ft./sec.) 
striking velocity, corresponding to a kinetic energy 


impacted at 379 m./sec. 


of 768,000 g.-cm., which was more than the panel 
could absorb. 

Sections through the first, third, sixth, ninth, and 
twelfth layers are demonstrated in Figures 1OA—E; 
the first and last sections were approximately 11 mm. 


C D 


ENTRANCE 


0 10 mm 


Filling cross sections through a partially penetrated hole (No. 16). 


Cross sections parallel to the panel surface through a completely penetrated hole (No. 9). 
(A) first layer; (B) third layer; (C) sixth layer; (D) ninth layer; (E) twelfth layer. 
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apart in the panel. Yarns of both systems are cut 
parallel to the yarn length. Warp yarns are vertical 
(from north to south) in the pictures. 

In the first layer—(A)—the hole is longitudinal 
and similar to the rectangular nose of the missile. 
The opening appears much smaller in the third layer 
—(B)—because of loose yarn ends intruding into 
the hole from the first and second layers. The open- 
ing diminishes even more in the following sections 
(C, D, and E), and it is difficult to recognize exactly 
its boundaries because a great number of fibers ap- 
pear in the impacted area. These cross sections also 
prove that the permanent distortion of the fabric 
structure 


restricted to a small 


close to the path of the projectile. 


remains area very 
The fabric pat- 


tern barely 4-5 mm. away from the center of the 


hole is practically unaffected even in the exit layer. 


Damage to Nylon Filaments Due to Impact 


The cross sections of the panel discussed above re- 
veal the distortion of the fabric pattern, dislocations, 
deformations, and rupture of yarns. They also in- 
dicate other damage to nylon which becomes more 


clearly visible at a higher magnification. They will 


a 


Fig. 11. 


Locations of the enlarged pictures shown in Figures 12-15. 
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be illustrated by microphotographs taken at the 
original enlargement of 200 diameters at suitable 
locations of four previously-described cross sections, 
as shown in Figures 1la—d. 

In the channel formed by the bullet, some broken 
fiber ends appear thickened and have a mushroom- 
like shape. Figures 12A—D show such filaments with 
thick fiber tips. They are similar to the fibers of a 


longitudinally impacted nylon * studied by 


Stone, Schiefer, and Fox | 10]. Stretched nyl yn con- 
tracts when heated [6], 


yarn 


and this increases the fiber 


diameter. This phenomenon is known as heat shrink- 


age or heat relaxation; it occurred in the panel after 


the tension was released. It appears that only the 


fiber ends were heated. Their temperature must 


have been higher than 215° C. (419° F.), where 


’ softening and shrinkage of the yarns starts. 


Single filaments in the nylon fabric are independent 


and separated (or at ledst separable) from each 


other within the yarn structure. In the impacted 
area, however, filaments frequently stick together 


and are fused into larger clumps or a compact mass, 


* Figure 13, p. 527 [10]. 


(a) part of Figure 9A; 


(b) part of Figure 9B; (c) part of Figure 10A; (d) part of Figure 10C. 





May 1958 


as demonstrated in Figures 13A—C. They prove 
that fibers were subjected to considerable compression 
and heat in localized areas of the panel. This is also 
evident from thé yarn ends which intrude into the 
hole and are best observable after separation of the 
panel into layers (see Separating Technique). Since 
yarns around the hole are fused, the individual layers 
of the panel can hardly be separated. They suggest 
that here the temperature reached the melting point 
of nylon—254° C. (489° F.). 


The temperature 


increase of nylon during penetration was so high in 


some areas that decomposition and pyrolysis [8] of 
nylon took place. This is apparent from dark spots 
on and between the filaments, as illustrated in Fig- 
ures 14A-C. The oxidation of 6,6 nylon already 
starts above 120° C. (248° F.) [6]. It is not limited 
to the path of the bullet, where fibers came in direct 


Fig. 12. Thickening of filament 
ends. (A) is (A) in Figure lla; 
(B) is (1) in Figure llc; (C) is 
(J) in Figure llc; (D) is (L) in 
Figure llc. 


Fig. 13. Fusion of filaments into 
clumps. (A) is (B) in Figure 
lla; (B) is (D) in Figure lla; 
(C) is (K) in Figure Ilc. 
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contact with the missile, because it can be observed 
Here 


excessive heat was developed by the friction between 


sometimes on the surface of remote yarns. 


yarns moving along or across each other at high 
According to Bowden and Thomas [3] the 
heat is transient and localized in “hot spots” when 


speed. 
solids slide over each other. A high surface tem- 
perature was observed by these authors in rubbing 
metals against glass. The temperature increased 
markedly with the sliding speed and was in the range 
of 1000° C. (1832° F.). 
ing point of metals, except when oxidation in air 
(burning) occurred. 


It was limited by the melt- 


In this case it even exceeded 
the melting point, since “the heat evolved is not 
primarily due to friction but to exothermic oxida- 
tion.” It is evident that an analogous process took 


place in localized areas of the panel, where surpris- 
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ingly high temperatures were reached for short in- 
tervals. 

Heat is generated when fibers are extended. 
Brauer and Mueller [4] observed a temperature in- 
crease of 40° C. (104° F.) during extension of un- 
stretched polyamide films at a relatively low strain 
rate (8 mm./min.). In the nylon panel, high tem- 
peratures can be expected due to impact, because 
yarns were extended at a very rapid rate. 

Heat also develops when the fast-moving missile 
passes through the panel as a result of friction be- 
tween the bullet and the fabric. We have to re- 
member that the fabric is tightly woven and the 
channel formed by the projectile is very much nar- 
rowed by the intrusion of broken yarn ends. A part 
of the kinetic energy of the missile is thus trans- 
formed into heat during penetration. 

It is obvious that the heat generated in the panel 
is very much concentrated [8] and cannot be readily 
dissipated. This causes the softening, fusion, and 
decomposition of nylon in localized regions. Nylon 
is a thermoplastic material, and its mechanical re- 
sistance decreases appreciably at higher temperatures. 
According to Coplan [5], at 177° C. (350° F.) the 
breaking tenacity of nylon Type 300 multifilament is 
26 g./tex, its extensibility is 29.4%, and its initial 
modulus of elasticity 150 g./tex in comparison to 65 
g./tex, 16.2%, and 350 g./tex respectively at 21.2° 
C. (70° F.).> The ballistic resistance of the panel is 





Fig. 14. Decomposition of nylon fibers. 
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substantially diminished because of the heat generated 
in localized spots where an excessive elongation and 
rupture of yarns can easily occur. 

In the microscopic study of the cross sections, 
fibrillation of nylon filaments was recognized, as il- 
lustrated in Figures 15A-C. Fibrillation is the 
breakdown of single filaments into numerous ex- 
tremely fine fiber units called fibrils. This is not un- 
common for highly oriented synthetic fibers, and its 
origin is generally the overstretching of the fiber 
skin. 

Nylon filaments are cylindrical, their cross section 
is circular (diameter 27»), and they have a rela- 
tively smooth fiber surface. After fibrillation, how- 
ever, a great number of extremely thin fibrils of ap- 
proximately lz diameter appear partially separated 
from the main filament. They protrude from the 
fiber and roughen its surface. Fibrillation starts at 
the fiber periphery. It can be limited to one side 
and may also cause the splitting of filaments into two 
or more finer fibers. Fibrillation was observed 
mainly close to the path of the missile, where yarns 
were extended and were rapidly moved along or 
across each other. 

Fibrillation is also demonstrated in Figure 16, 
where filaments removed from the second layer of a 


5 These values were obtained from a 210-den. (23.3-tex) 
multifilament and are comparable to those listed in Table I 
for the 5-ply 210/34 yarn. 


Cc 


(A) is (H) in Figure 11b; (B) is (G) in Figure 


lla; (C) is (F) in Figure lla. 
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partially penetrated hole (No. 20) are shown after 
the fabric was dyed. Dye uptake of 6,6 nylon de- 
pends mainly on the number and the accessibility of 
relatively scarce amine endgroups. High degree of 
order (crystallinity) and high orientation of nylon 
reduce the diffusion of dye molecules to the proper 
sites. Therefore, the dye uptake of highly stretched 
nylon filaments, particularly with pronounced skin 
The 


rate of dyeing of drawn filaments increases when the 


structure, is low compared to undrawn fibers. 


fiber surface is damaged by fibrillation and after dis- 
orientation of the stretched fiber through the action 
of heat. Fibrillation increases the fiber surface 
it also 


Dif- 
ferences in dye uptake can best be detected by anionic 


through which diffusion of the dye occurs; 
exposes the core of filaments to the dye bath. 


or dispersed dyes having comparatively long mole- 


A 


Fig. 15. Fibrillation of impacted 
filaments. (A) is (C) in Figure 
lla; (B) is (E) in Figure Ila; 
(C) is (M) in Figure 11d. 


Fig. 16. Filaments removed from 
the hole of an impacted fabric layer 
after dyeing. (A) fibrillation; (B) 
and (C) softened ends. 
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cules [7]. 


According to Munden and Palmer [9], 
Durazol Fast Blue 2R, a trisulfonated cotton dye, is 
very sensitive to differences in stretching of nylon. 


A similar dye in pure form (sample designation: 
MDD 3456, Du Pont) was used in this study to 
recognize structural changes of nylon filaments. If 
a penetrated fabric layer is dyed with this compound, 
the impacted area appears darker blue than the un- 
affected part. It was convenient to use 0.25% dye 
in a liquor bath ratio 1 : 50 at pH 3 (acetic acid) for 
1 hr. at 90° C. (194 


of fabrics. 


F.) to stain the damaged part 
Figure 16A shows fibrillated filaments, 
while in 16B and C heavily damaged fibers with 
mushroomlike fiber tips are visible after removal 
from a stained fabric. The fibrils and the damaged 
part of the filaments appear dark compared to the 


unaffected fiber surface. In the thickened fiber tips, 
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softening and melting caused a randomization of the 
originally well-aligned crystallites, and this markedly 
increased the dye uptake. The disorientation as a 
result of heat relaxation was corroborated by the 
X-ray diffraction pattern. In the yarn ends removed 
from holes, a random distribution of crystallites was 
observed instead of the well-pronounced fiber dia- 
gram of unimpacted nylon yarns. 


Separating Technique 


Despite the useful information gained from cross 
sections of the panel, their study did not disclose 
how each individual layer as a whole behaved. This 
can be investigated, however, after separating the 
impacted panel into single layers. It should be re- 
membered that each layer was hit with a decreasing 
velecity of the missile and in a direction which was 
not always the same. The stiffening of individual 
layers by backing decreased in the direction of the 
missile motion. It can be understood, therefore, 
that the deformation was different in each layer. 


he Mis 
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Fig. 17. 
row: side view of exit. 


(A) and (E) first layer; 
and (H) ninth layer. 


Fabric layers after partial penetration (Hole No. 20). 
(B) and (F) fourth layer; 
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The separation of an impacted panel into layers 
probably requires as much care and experience as 
preparing cross sections; nevertheless, it is some- 
what less timeconsuming. Yarn ends around holes 
are frequently fused and adhere to each other through 
many layers. These must be separated without af- 
fecting the fabric pattern. Some yarns are un 
raveled, pulled apart, or broken, while others are 
just bent or form loops. They all intrude into the 
hole of subsequent layers and protrude occasionally 
from the last one. The layers have to be separated, 
preserving the distorted pattern around the hole 
without causing additional defects to the fabric. 

One completely and two partially penetrated holes 
were investigated by this technique. The observa- 
tions made were essentially identical and will be de- 
scribed only for the two partial penetrations. Here 
the separation is informative because it shows— 
better than any other method—how many layers were 
penetrated, which way they failed, and also the 
deformation of those layers which resisted penetra- 
tion. 


Upper row: perpendicular view of exit; lower 
(C) and (G) sixth layer; (D) 
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In the first partially penetrated hole studied (No. 
20), the missile had the relatively low striking 
velocity of 355 m./sec. (1165 ft./sec.) correspond- 
ing to a kinetic energy of 674,000 g.-cm. It did not 
deviate appreciably from its perpendicular incidence 
during penetration (see Figures 5B and C). After 
five layers were completely penetrated, in the follow- 
ing two layers very few yarns were ruptured. The 
last four layers remained entirely unbroken, although 
they were extended by the projectile. 
were practically 


These layers 
(unstiffened). Their 
permanent deformation was conical, resembling that 


unbacked 


observable in conventional burst tests not carried out 
to complete failure of the fabric. The height of the 
bulged area decreased (from 5 to 4 mm.), while its 
diameter increased (from 6 to 13 mm.) in the last 
four layers. The deformation of the fabric spread 
thus to an area larger than the cross section of the 
bullet. This is in contrast to observations in the 
entrance layers and indicates some dissipation of the 
missile energy. 

Photographs made at a low original magnification 
(five diameters.) of the exit side of the first, fourth, 
sixth, and ninth layers are shown in Figures 17A—-H. 
They are demonstrated from a direction perpendicular 
and oblique to the fabric surface after removal of the 
missile. The first and fourth layers (A and B) show 
rather large holes, covered by unravelled and broken 
yarn ends. A slight distortion of the original fabric 
pattern around the hole and some tensioned yarns are 
also visible. In the sixth layer(C), which stopped 
the bullet, four fairly straight warp yarns appear ex- 
tended but unbroken. They were in front of the bul- 
let and stopped its movement. Other warp yarns in 
the path of the bullet were displaced ; they apparently 
slid down from a tilted part of the nose. Some filling 
yarns in this layer were broken, others pushed aside ; 


the missile dislodged them by its motion. After yarns 


were extended and tensioned by the moving pro- 
jectile, some of them must have slipped from the 
slanted surface of the bullet to release their tension 
long before rupture could occur. The dislodged 
yarns fail, of course, to develop fully their resistance 
to the missile. This phenomenon is more common 
in the panel than generally anticipated. It seems to 
prevail in those layers where the velocity of the 
missile is reduced and the yarns can be easily ex- 
tended. Pushing aside yarns from the path of the 


bullet probably is the origin of the frequently ob- 
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served tumbling, because the resistance to missile 
movement becomes suddenly distributed unevenly. 
In the ninth layer—(D) 
broken. 


all yarns remained un- 
Some of them were extended, however; 
therefore, small open spaces can be seen at several 
intersections of warp and filling yarns in the bulged 
area. 

In the oblique views of the first and fourth layer 
(E and F) broken yarn ends protruding from the 
fabric surface are visible. They are at the periphery 
of the opening sharply bent in the direction of missile 
movement and intrude considerably into the hole of 
following layers. They lost their crimp, are stuck 
together, and their tips are fused. They are “set” 
The 


broken yarn ends are frequently much longer (8-12 
mm.) than expected. 


by the heat produced during penetration. 


Most likely the enhanced ex- 
tensibility of softened filaments is the origin of the 
yarn length observed. It can be assumed that the 
length of impacted yarns was even longer before 
their rupture than that which could be observed. 
Shrinkage (heat relaxation) must have taken place 
to a certain extent immediately after the stress was 
released by rupture [6]. 

The separation of the panel into individual layers 
also reveals the progression of stoppage. This is 
illustrated in Figures I8A—H, where perpendicular 
views of the entrance sides and oblique views of the 
exit sides of some layers are shown. The projectile 
hit the panel in this partially penetrated hole (No. 
18) at a slightly lower velocity than previously dis- 
cussed, namely at 335 m./sec. (1098 ft./sec.) cor- 
responding to 601,000 g.-cm. kinetic energy. It 
deviated from its perpendicular incidence and turned 
to the south-east, which is recognizable from its final 
position, shown in Figures 5B and C. 
almost circular in the fifth layer (A). Half-moon- 
shaped holes appear in the sixth, seventh, and eighth 
layers (B, C, and D). The size of these openings 
decreases markedly in the direction of missile motion, 


The hole is 


indicating the diminished energy of the projectile. 
While six yarns were broken and many others dis- 
lodged in the fifth layer, four yarns were ruptured 
in the sixth and seventh, and only two yarns failed 
in the eighth layer. In all these layers the surface 
area of broken yarns (confined by cross yarns) is a 
surprisingly low fraction of the circular cross section 
of the bullet. In the ninth and following layers no 
yarns were ruptured. These layers were deformed 


and remained bulged, as observable by the small 
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interstices between yarns in the extended area of the 
ninth layer (E). 

The side views of the fifth, sixth, and seventh 
layers (F, G, and H) illustrate that the fabric 
deformation is first cylindrical and later conical. Its 
height decreases, while its base increases in the direc- 
tion of missile movement. This suggests that the 
dissipation of stress began after the velocity of the 
projectile dropped to a certain level. 

It is evident that the bullet was decelerated and 
stopped by the combined resistance of several layers. 
Looking at the size and shape of holes as they appear 
in this series, one is able to decide which layer pre- 
vented the further movement of the projectile. This 
did not occur in the ninth layer, where yarns were 
not ruptured at all, but in the eighth layer. Here, a 
half-moon-shaped small hole appears, resulting from 
the failure of two filling yarns, broken by a protrud- 
ing edge of the missile. It seems not too arbitrary 
to consider that this layer has actually retained the 
projectile, despite its penetration by a minor part of 
the bullet. The markedly diminished size of the 
opening and the rupture of only two yarns suggest 
that the missile did not go through this layer in the 
same way as it did the preceding ones. 


A 


Fig. 18. 
pendicular view of entrance; lower row: side view of exit. 
and (H) seventh layer; (D) eighth layer; (E) ninth layer. 


Layers of a partial penetration showing the stoppage of the missile (Hole No. 18). 
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Summary 


The microscopical study revealed permanent de- 
formations and damages in the impacted area. Dis- 
locations, flattening, straightening out, extension, un- 
ravelling, and rupture in both yarn systems and vari- 
ous types of defects of nylon filaments were observed. 
These consisted of softening, melting accompanied by 
disorientation, heat relaxation, even decomposition, 
burning, and fibrillation of nylon filaments. These 
phenomena represent damage because they alter fiber 
properties essential for protection against the impact 
of the missile. In order to recognize them, cross 
sections were made and the panel was separated into 
single layers. The impacted layers removed from 
the panel confirmed and supplemented the observa- 
tions gained from cross sections; they permitted the 
study of fabric deformations within the panel and the 
progression of stoppage of the bullet. 

It became evident that the permanent alterations of 
the fabric due to impact were limited to a region 


close to the path of the projectile. The impact re- 


mains confined in the panel to a relatively small area, 
because the presence of two yarn systems prevents 


the propagation of the stress wave along the whole 
yarn length. Apparently cross yarns behave like 


Upper row: per- 
(A) and (F) fifth layer; (B) and (G) sixth layer; (C) 
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clamps, limiting the stress to the neighborhood of the 
impacted spot. The cross yarn closest to the impact 
may not act completely; however, the next or the 
one after does. This restricts the impact to that area 
of the fabric which was in close contact with the 
missile. An exception to this behavior is the slight 
dissipation of stress in layers exposed to the es- 
sentially decelerated missile without appreciable back- 
ing. These layers were either insignificantly rup- 
tured or remained entirely unbroken. They did 
not contribute much to the ballistic resistance of the 


panel. 
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. Note 


The small amplitude oscillations described in the text of the paper by Grignet and 
Monfort (Some Dynamometric Applications of an Electronic Integrator-Differentiator, 
January 1958, pp. 47-59) do not appear in Figure 5.1 because of the loss of detaii due 
to reduction of the illustration to column width. 
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Abstract 


Two cortical cell fractions separated from wool after treatment at 30° C 
HCI for 50 hr. have been analyzed for their amino acid composition. 


. with 6 N 
The heavy fraction 


was significantly richer than the light fraction in amide nitrogen, cystine, serine, and 
proline, but was deficient in alanine, glutamic acid, glycine, leucine, lysine, phenylalanine, 


and tyrosine. 


Both cortical cell ffactions were richer than the original wool in cystine, 


lysine, and proline, while the material dissolved by the acid treatment was richer in 


glycine, phenylalanine, serine, and tyrosine. 


Introduction 


The amino acid composition of wool and its bio- 
logical variation are now well established [3, 14, 15, 
17, 21, 22]. In addition, analyses of various histo- 
logical and protein fractions derived from wool have 
established that such structural components differ in 
composition both among themselves and from the 
original wool [5, 11, 16, 18, 21}. 

These results suggest that the variations which 
have been noted in the composition of whole wool 
[15] may be explained in part at least by variations 
in the proportions of distinct components present. 
The development of methods for separating cortical 
cell fractions obtained after acid treatment of whole 
wool [20] has enabled us to prepare samples of dif- 
ferent density for amino acid analysis. 


Experimental 
Preparation of Cortical Cells 


Cortical cell residues were obtained from Australian 
Merino wool of 70s fineness which had been washed 
successively with ether, ethanol, tap water, benzene, 
and distilled water at room temperature. Hand 
carding to remove foreign matter preceded the final 
rinse. The clean wool (1 g. conditioned at 65% 


1 Present address: Waite Agricultural Research Institute, 
Adelaide, South Australia. 


relative humidity) was soaked in 6 N HC! (40 ml.) 
at 30° C. for 50 hr. After separation of the acid by 
filtering through cheesecloth, the residue was broken 
down by beating with water in a Waring blendor. 
The liberated cortical cell residues were repeatedly 
washed and recovered by centrifuging until the wash 
water gave no turbidity with silver nitrate. They 
were then fractionated by centrifuging with a solu- 
tion of chloral hydrate, following procedures already 
described [20]. The separated fractions after re- 
peated washing with water to rid them of bound 
chloral hydrate were recovered by centrifuging. Each 
fraction was finally washed with approximately 1 1. 
of 0.1% Sequestrene NA2* (disodium ethylenedi- 
aminetetraacetate) per gram of residue and rinsed 
with glass-distilled water. 


Analytical Procedures 


Amino acid analyses were carried out by the rapid 
procedure referred to by Spackman, Stein, and 
Moore [19]. Effluent fractions from the Dowex 
50-X8 chromatographic columns were collected in 
the fraction-measuring device described by Sim- 
monds (Anal. Chem., in press) and dispensed into 


2 Mention of specific products does not imply endorsement 
over others of similar nature. 

3 The authors are indebted to Dr. S. Moore of the Rocke- 
feller Institute for Medical Research for supplying details of 
this procedure prior to its publication. 
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test tubes on a motor-driven fraction-collector turn- 
table. Manual colorimetric assay of the individual 
fractions followed the procedure of Moore and Stein 
[12]. 

Cystine was estimated by amperometric titration 
({9] and Human, in preparation) and also after 5 
hr. of hydrolysis in 5 N HCl in a sealed tube at 
125° C. by the method of Folin and Marenzi [4] as 
modified by Shinohara [13]. 

Tyrosine and tryptophan were estimated by the 
method of Goodwin and Morton {7] and proline by 
the method of Simmonds and Stell [18] and Sim- 
monds (in preparation). Shortage of material pre- 
vented analyses’ being carried out for methionine. 


Results 


Table I gives the amino acid composition, with 
standard errors, for 16-hr. hydrolysates of the light 
and heavy cortical cell fractions, while Figure 1 com- 
pares, in terms of grams of amino acid from 100 
grams of dry protein, the composition of the two 
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cortical fractions and whole wool of the same breed 
and fineness as that used in the present investiga- 
tion [17]. 

Separate experiments have shown that with this 
method of fractionation 43.8+0.7% of the intact 
dry wool was dissolved in the HCl, 2.6 + 0.2% was 
soluble in the chloral hydrate fractionating medium, 
26.1 + 2.0% was recovered as the light fraction, 
20.2 + 1.8% as the heavy fraction, while 7.3% was 
unaccounted for. The losses presumably are due 
to processing and are known definitely to include at 
least 2.2 + 0.3% 


be removed readily from the glassware. 


insoluble material which could not 
These values 
are averages of at least six trials. 
Nitrogen recovery after analysis is essentially 
102% of the total 
nitrogen in the light fraction and 101% of that in 


the heavy fraction was accounted for, and it is there- 


complete for both fractions: 


fore unlikely that large amounts of tryptophan and 
methionine are present. The total sulfur known to 


be present from elementary analysis, however, was 


TABLE I. Amino Acid Composition of Light and Heavy Cortical Cell Fractions 


(Amino acid nitrogen expressed as a percentage of total nitrogen) 


Heavy fraction 
95% Fiducial 
limits of 
mean 


Amino acid Mean 


= 


3.67 
4.78 
22.05 
5.08 
12.48 
8.94 
3.32 
1.65 
2.30 
4.76 
4.32 


Alanine 
Ammoniat 
Arginine 
Aspartic acid 
Cystine 
Glutamic acid** 
Glycine 
Histidine 
Isoleucine 
Leucine 
Lysine 
Phenylalanine 
Proline 
Serinet 
Threoninet 
Tryptophan 
Tyrosine 
Valine 


2.91— 4.43 
4.68— 4.88 
21.77-22.33 
4.00— 6.16 
12.77 
10.21 
3.48 
1.87 
2.44 
4.97 
4.76 
1.05 
8.01 
8.76 
6.06 


te ne ee ee 


re Ww 
Bane 


SY ; 
wre nrwrwonu & 


= 
=> 


sue UW 


Cw w 


0.90 
1.24 


- & 
~~ 


0.20 
1.03 


1.86 
4.74 


Total nitrogen 
accounted for 

Nitrogen, % 

Sulfur, % 


Chlorine, % 


100.95 
15.9 
5.65 
0.17 
* Standard error. 


+ Least difference for significance at 5% level. 
t Not corrected for loss during hydrolysis. 


Light fraction 


— Level of 
signifi- 
cance, 


95% Fiducial 
limits of LSDt 
Mean mean (5%) 
4.00 1.12 
4.20 0.14 
2.51 ; 0.97 
4.87 1.52 
0.23 0.42 
20 : y 1.80 
4.11 3. Be 0.26 
A3 : § 0.31 
AS : 0.23 
14 5. vl 0.32 
5.20 . 5. 0.62 
27 Be “a 0.17 
5.97 5. : 0.54 
01 37 65 0.90 
4.62 3.7 7 1.24 
0 
1.99 85— 2.1: 0.20 


3.71 1.03 


4.83 
4.30 


? 


a hOft he ee eee EE ee 


** Corrected for pyrolidone carboxylic acid formation on the ion exchange columns. 
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not quantitatively accounted for by the sulfur-con- 
taining amino acids found. Cystine sulfur accounted 
for 3.72% sulfur in the light fraction and 4.54% in 
the heavy fraction. The contribution of methionine 
sulfur as well as those of cysteic acid and lanthionine, 
known to be minor components of normal wool 
hydrolysates, should not change these figures sub- 
stantially. The amount of sulfur unaccounted for in 
the light fraction is therefore 0.49% by weight and 
in the heavy fraction 1.11%. It is possible that some 
of this sulfur is present in the form of a reaction 
product with chloral hydrate, although the chlorine 
content of the cells is so low that extensive loss from’ 
this cause is unlikely. 


Discussion 


The two fractions differ significantly in their con- 
tents of alanine, amide nitrogen, cystine, glutamic 
acid, glycine, leucine, lysine, phenylalanine, proline, 
serine, and tyrosine. The differences range from 
11% to 28% of the amount present in the light frac- 
tion. Alanine, cystine, glutamic acid, glycine, leucine, 
phenylalanine, and proline show the largest—although 
not necessarily the most significant—differences be- 
tween the two preparations. The most significant 
differences are shown by ammonia, cystine, glycine, 


leucine, and proline. 

Comparison of the composition of the two fractions 
with that of the original wool shows that the acid 
treatment has caused substantial enrichment of the 
total residue in cystine, lysine, and proline, with cor- 
responding decreases in the amounts of glycine, 


phenylalanine, serine, and tyrosine present. The 
evidence for this is illustrated in Figure 1 and Table 
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II. The latter shows the composition of the solubil- 
ized and unaccounted-for parts of the fiber (Columns 
4-6) calculated by difference from the combined 
yields of light and heavy fractions. 

It is interesting to note that the fraction dissolved 
or unaccounted for in this study does not correspond 
closely in composition to the soluble fractions of 
other workers. Lindley [10], Blackburn [1], and 
Leach [8], for example, have found that aspartic 
acid is the main amino acid released from wool by 
short treatment with warm dilute hydrochloric acid, 
although later Blackburn and Lee [2] found that 
concentrated HCl at 37° C. does not show the same 
specific action on the aspartic acid residues as the 
more dilute acid at a higher temperature. Zahn and 
Meienhofer [23] have reported that peptides of 
alanine, aspartic acid, glutamic acid, glycine, leucine, 
serine, threonine, and valine are extracted from wool 
by hot water. Of this list, only glycine and serine 
appear to be selectively dissolved by acid under our 
conditions. The absence of aspartic acid under these 
conditions confirms the observations of Blackburn 
and Lee [2]. 

As would be expected, the amide content has been 
reduced by the acid treatment to about 60% of the 
amount present in the original wool. The enrich- 
ment of the light and heavy fractions in cystine is 
interesting, since it contrasts with analyses carried 
out on preparations obtained by extracting wool with 
0.1 M potassium thioglycollate at pH 10.5 and 50° C. 
[16]. These have shown that the readily soluble 
material is very rich in cystine. The extraction with 
HCl must therefore solubilize different components 
of the fiber, leaving the cystine-rich fraction in the 


Fig. 1. Amino acid composition 
of light fraction, heavy fraction, 
and whole wool. 
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TABLE II. Amino Acid Composition of Soluble Fraction by Difference 


Weight in 53.7 g. 
of fraction 
dissolved or 


Weight in 
26.1 g. of 


Fraction of 
amino acid 
dissolved 
from original 
wool 


Composition 
of protein 
light heavy whole unaccounted for dissolved or 
fraction, fraction, wool, (by difference), unaccounted for 
o 


Amino acid g. g. g. g- %o by weight 


Weight in 
20.2 g. of 


Weight in 
100 g. of 


0.75 3.70 
0.18 1.50 
2.20 9.96 
1.55 7.36 
3.44 9.24 
3.02 14.86 
0.57 5.86 
0.20 0.90 
0.69 3.30 
1.43 

0.72 

0.36 


1.68 
1.12 
4.86 
3.89 
2.16 
6.96 
4.38 
0.48 


0.45 
0.75 
0.49 
0.53 
0.23 
0.47 
8.16 0.75 
0.89 0.53 
1.66 3.10 0.50 
4.51 8.40 0.54 
0.92 1.71 0.33 
4.64 8.64 0.83 
2.01 2.14 3.99 0.35 
1.96 6.59 12.27 0.61 
Threonine 1.64 1.42 j ae 5.16 0.48 
Tyrosine 1.07 0.72 8.99 0.73 
Valine 1.29 1.07 4.78 0.52 


Alanine 

Amide ; 
Arginine .90 
Aspartic 1.92 
Cystine 3.64 
Glutamic 4.88 
Glycine 0.91 
Histidine 0.22 
Isoleucine 0.95 
Leucine 2.39 
Lysine 1.12 
Phenylalanine 0.62 
Proline 2.04 
Serine 2.18 


12.96 


M. and Lennox, F. G., Aust. J. Biol. 


(1955). 


. Gillespie, J. 
Sci. 8. 97 
. Goodwin, T. W. 
40, 628 (1946). 
. Leach, S. J., Proc. Int. Wool Text. Res. Conf. Aust. 


cortical cell residues. The low glutamic acid and 


high glycine, phenylalanine, and tyrosine contents of 


the pH 10.5 thioglycollate extracts contrast sharply R. A, 


and Morton, Biochem. J. 


with the composition of the light and heavy cell frac- 


tions which, apart from having less amide, aspartic 
acid, and phenylalanine and more cystine and proline, 


are rather similar to kerateine 2 [6] in their general 


composition [16]. 
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Applications of Infrared Absorption Spectroscopy 
to Investigations of Cotton and Modified Cottons 
Part I: Physical and Crystalline Modifications and Oxidation 
Robert T. O’Connor, Elsie F. DuPré, and Donald Mitcham 


Southern Regional Research Laboratory,: New Orleans, Louisiana 


Abstract 


The KBr technique to obtain spectra of cotton cellulose has been applied satisfactorily 
to an investigation of physical and crystalline modifications and to changes resulting 


from oxidation. 


Several experiments to illustrate applications are described. 


The 


potential applications to investigations suggested in the literature are reviewed. 
It has been shown that infrared absorption spectra of cotton cellulose can be used 
to follow changes in hydrogen bonding by the classical method of observing the exact 


wavelengths of the O-H stretching yibrations. 
quantitatively by use of ratios of intensities of preselected absorption bands. 


Degree of crystallinity can be measured 
Oxidation 


changes can be followed only where such processes result in the formation of C=O 


groups per se in the oxidized cotton. 


InFrareD absorption spectroscopy has been 
widely ignored in investigations of the structure and 
reactions of cotton. Monographs and reference texts 
on the chemistry of cellulose either make no mention 
of this tool or refer only incidentally to an isolated 
application. Heuser [11] refers to infrared absorp- 
tion only to support the theory of the existence of 
hydrogen bridges in the reaction of cellulose with 
water. Neither Ott [19] nor Hermans [10] men- 
tions infrared spectra, and Timell [31] limits refer- 
ences to applications to the single sentence “Infra- 
red absorption spectra indicate that nearly all the 
hydroxyl groups are involved in the formation of 
hydrogen bonds of varying strengths.” 

The few articles which have appeared in technical 
journals dealing with applications of infrared ab- 
sorption spectroscopy to investigations of cotton can 
be divided into two groups; (a) those dealing with 
the use of infrared spectra to deduce or support 
theories regarding the structure of the cellulose mole- 
cule, such as studies of hydrogen bonding [3, 5, 14], 
degree of crystallinity [7, 14, 32], and cross-linkage 
[28] and (b) those dealing with investigations of 
modifications of cellulose, such as the oxidation 

1 One of the laboratories of the Southern Utilization Re- 


search and Development Division, Agricultural Research 
Service, U. S. Department of Agriculture. 


studies of Rowen et al. [20] and the determination of 
acetyl content by Mitchell et al. [17]. 

All of these papers are somewhat preliminary in 
character and all bear testimony of the difficulties in 
obtaining satisfactory, quantitatively reproducible, in- 
frared spectra. Infrared absorption spectra are un- 
doubtedly capable of yielding considerably more in- 
formation regarding the structure of the cellulose 
molecule than has yet been made available, such as 
the nature of hydrogen bonding, changes in crystal- 
linity, products formed by cross-linking or oxidation, 
or for qualitative identification or quantitative analy- 
sis. 

The purpose of this paper is to describe the useful- 
ness of infrared absorption spectroscopy, and, in 
particular, the application of a newly-described tech- 
nique for measuring the infrared absorption spectra 
of cotton and modified cottons to these types of 
problems. 


KBr Disc Technique for Obtaining Infrared 
Absorption Spectra of Cotton 


Undoubtedly one of the principal reasons for the 
lack of a more widespread use of infrared absorption 
in research investigations into the structure and the 
reactions of cotton has been the difficulty in obtaining 
satisfactory spectra simply and rapidly. Cotton can- 
not be dissolved in a solvent suitable for absorption 
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measurements, at least not without considerable 
modification. Thus the common solvent techniques 
are not available, except for measurements over very 
limited portions of the spectra, such as the use by 
Mitchell et al. [17] of pyrrole in the near infrared, 
from about 0.7 to 2.04. Mulling with a mineral oil 
such as Nujol? is one of the older procedures for 
measuring the spectra of insoluble materials. But 
mulls of cotton with mineral oil are not easily pre- 
pared. 


quantitative measurements of band intensities. 


Such mulls do not permit very accurate 
The 
grinding necessary to prepare a mull which will yield 
a satisfactory spectrum will cause change in struc- 
ture of the cotton, as evidenced by loss of crystal- 
linity. 

A technique which has been more pepular in Eng- 
land than in this country is the preparation of thin 
films of the sample cast on glass plates, frequently 
employing ground glass to avoid interference pat- 
terns in double-beam instruments |3, 14, 20, 29]. 
This technique is not entirely satisfactory, as precise 
quantitative measurements of band intensities cannot 
be obtained because film thickness and uniformity 
can only be estimated. Brown et al. [3], for ex- 
ample, recommend the lengthy procedure of measur- 
ing such films at several positions and using average 
readings to overcome lack of. homogeneity. A more 
serious limitation is that suitable fibers cannot be 
made from the several types of modified cottons. 

Recently, O’Connor, DuPré, and McCall [18] de- 
scribed a use of the now well-known KBr disc tech- 
nique [6, 9, 24, 30] for obtaining spectra of cellulose 
and modified cellulose. They showed that such 
discs can be prepared quickly and easily and, of ut- 
most importance, that satisfactory spectra can be 
obtained by the KBr disc technique without the re- 
quirements for excessive grinding ; hence, spectra can 
Briefly 
the procedure consists of (a) cutting the cotton or 


be obtained of cottons without modification. 


modified cotton fiber, yarn, or fabric in a Wiley * 
mill to pass a 20-mesh screen;* (b) mixing with a 


2 Mention of names of firms or trade products does not 
imply that they are endorsed or recommended by the U. S. 
Department of Agriculture over other 
products not mentioned. 

8 A 20-mesh screen was adopted for uniformity in the pro- 
cedure and because, in agreement with conclusions of 
Schwenker and Whitwell [25] that “cotton yarn is not de- 
graded significantly by a single passage through a Wiley 
mill fitted with a 20-mesh screen,” it was found that spectra 
of samples passing through such a screen were identical to 
spectra prepared using considerably larger particles. 


firms or similar 
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mortar and pestle or with a mechanical mixer such as 
the Wig-L-Bug,? 2 mg. of a cotton sample and 300 
mg. of potassium bromide; (c) pressing this mixture 
in a laboratory-type press under vacuum with a die 
especially designed for the purpose ; and (d) measur- 
ing the spectra of the resulting disc, which should be 
entirely transparent, in a double-beam spectropho- 
tometer against a similar disc, containing no sample, 
in the reference beam. 

In Figures 1 and 2 are shown the KBr disc spectra 
of raw or native cotton in the rock salt region, from 
2 to 15y, in comparison with several other natural 
fibers (Figure 1) and synthetic fibers (Figure 2). 
It should be noted that the KBr disc technique yields 
spectra with clear sharp bands and a relatively low 
degree of scattered radiation. 

Infrared absorption spectra can be used to identify 
most natural and synthetic fibers. Cannon [4] re- 
cently has described infrared techniques used in such 
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Infrared spectra of natural fibers. 


Fig. 1. 
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investigations and reviewed the general applications. 

Directly from the infrared spectra shown in Fig- 
ure 1, jute and flax, for example, could be differ- 
entiated readily from cotton or ramie. The spectra 
of jute and of flax reveal the weak 6.95y and 11.15, 
bands (CH, symmetrical bending and CH, rocking, 
respectively) characteristic of the cellulosic moeity. 
In addition, they reveal the 5.73—4, band charac- 
teristic of C=O stretching. Jute can be distinguished 
from flax by the appearance of bands in the spectrum 
of the former at 6.25 and 6.65y. Silk and wool are 
differentiated readily from cotton, as they reveal no 
bands at 6.954 nor at 11.15y and the characteristic 
broad band of cellulosic fibers extending from 8 to 
10 is replaced, in the spectra of these fibers, by a 
transparency region. In addition, the spectra of both 
silk and wool exhibit the expected 6.0 and 6.57» 


: B89 WO ll 2 I 
WAVE LENGTH (MICRONS) 
Fig. 2. Infrared spectra of cotton and synthetic fibers. 
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bands arising from C=O stretching and N—H bend- 
ing of the CONH group. Silk can be distinguished 
from wool by the appearance in its spectrum of sharp 
bands with maxima at 8.10 and 9.35y. 

In the spectra of the synthetic fibers (Figure 2) 
Orlon,* Dynel, and Acrilan are differentiated readily 
by the appearance of the sharp bands with maxima 
at 4.404% owing to a C=N stretching. Within this 
group further differentiation is possible. Acrilan is 
the only fiber which reveals a band with maximum 
at 5.724, C=O stretching of the acetate group, as 
well as the weaker but very characteristic bands at 
12.75 and 13.25p, probably arising from vibrations 
of this same functional group. Orlon can be dis- 
tinguished from either Dynel or Acrilan by the ap- 
pearance of the strong, sharp band with maximum 
at 5.95,. 

Of the nonacrylic type fibers, Dacron can be differ- 
entiated readily from nylon or Saran by the strong 
C=O stretching band in its spectrum at 5.80. or by 
the characteristic bands arising from the aromatic 
moeity, C=C stretchings at 6.35 and 6.65y, and 
C—H bendings about the benzene ring at 13.0p. 
Dacron can also be recognized by the characteristic 
sharp bands in its spectrum with maxima at 9.85, 
10.35, and 11.47, which arise from aromatic C—H 
in-plane and out-of-plane deformations and which 
are not observed in the spectra of any of the other 
synthetic fibers examined. Nylon is identified by its 
very characteristic “crystalline” band at 10.70, and 
Saran is characterized by a lack of any sharp bands 
consistent with its structure, which allows only 
various C—H stretchings and deformations. C—Cl 
vibrations would appear at wavelengths beyond the 
limits of these measurements. All of the synthetic 
fibers are differentiated from cotton by the nonap- 
pearance of the 6.95 and 11.15 bands and of the 
broad absorption region from about 8» to 10,, char- 
acteristic of cellulose. 

Infrared absorption spectra can be used to identify 
qualitatively both natural and synthetic fibers. By 
selection of specific characteristic bands, quantita- 
tive measurements of the proportions of a particular 
fiber could be obtained. Thus, infrared spectra can 
be a very useful tool in identifying and measuring the 
relative proportions of components in blended fabrics. 
The KBr disc technique, as used in these investiga- 
tions, is an ideal procedure for such measurements, 
especially where quantitative accuracy is required. 


4 Du Pont trademark. 
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Hydrogen Bonding 


In the spectrum of cotton in the rock salt region 
(Figure 1A or 2A) the bands at the shortest wave- 
lengths, 2.8 to 3.0u, arise from fundamental stretch- 
ing vibrations of the O—H groups. These are the 
groups that are responsible for hydrogen bonds in 
the cellulose molecule. Their bands are of greatest 
interest in the investigation of hydrogen bonding. 
As early as 1926 Sponsler and Dore [27] postulated 
that the orientation of cellulose chains in the cell 
walls was stabilized by hydrogen bonding of the 
hydroxyl groups of the glucose residues. Hilbert 
and coworkers [12], in an extensive series of care- 
ful experiments, showed how infrared spectra could 
be used as criteria for the determination of the exist- 
ence or nonexistence of hydrogen bonding. As a 
result of their work, the detection of hydrogen bond- 
ing became one of the earliest triumphs of infrared 
spectroscopy. 

Free O—H stretching gives rise to an absorption 


band with maximum about 2.70%. Hydrogen bond- 


ing causes a shift of this band to longer wavelengths, 
the magnitude of the shift becoming a rough estima- 
tion of the degree or type of hydrogen bonding [26]. 
Ellis and Bath [5] used near infrared absorption 
spectra, from 1 to 2.5p, to investigate hydrogen bond- 


ing in cellulose. They report two bands, one near 
1.54, an overtone of the fundamental O—H stretch- 
ing vibration seen in Figures 1A and 2A at ap- 
proximately 3.0u, and a combination valence-defor- 
mation band near 2.0n. A sharp but weak band near 
1.4 was correlated with the unperturbed (free) 
hydroxyl stretching overtone and bands with maxima 
at 1.49, 1.54, and 1.58 with bonded O—H « stretch- 
ing. Similarly, bands at approximately 2.02 and 
2.1lp arise from free and bonded O—H< stretching 
respectively. In ramie fiber the 2.024 band is absent, 
indicating that all or practically all of the hydroxyl 
groups in natural cellulose fiber are bonded. Mer- 
cerization resulted in disappearance of the 1.54, 
band and a progressive shifting of the 2.11 band 
to 2.094, indicating that mercerization results in an 
increase in the absorption representing the lesser 
degree of hydrogen bonding. 

In Figure 3 are shown the spectra in the 2-3y 
region of the fundamental O—H « stretchings, obtained 
with NaCl optics. Obviously, the bands are unre- 
solved at the dispersion possible with the optics 
used. The shifting of the wavelength position of the 
unresolved maxima to shorter wavelengths with 
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Fig. 3. Infrared spectra in the OH stretching region, 
2.5-3.75u4: (A) cotton linters control; (B) methyl cellulose; 
(C) ethyl cellulose; (D) cotton, Stoneville 2B control; (E) 
cellulose acetate; (F) carboxymethyl cotton; (G) cotton 
control; (H) mercerized cotton 


various treatments is observed in these spectra, in 
agreement with the results reported by Ellis and 
Bath from their observations in the near infrared 
region. Figure 3A is the spectrum of cotton linters 
and 3B and 3C of methyl- and ethylcellulose, re- 
spectively, prepared from them. The position of the 
unresolved O—H stretching fundamental shifts from 
3.00u, in the spectrum of the raw linters, to 2.89- 
2.94 in the spectrum of methylcellulose and to 2.92y 
in that of ethylcellulose. A sample of commercial 
cellulose acetate (Figure 3E) exhibits a maximum at 
2.88%, compared to the 2.98» position of raw cotton 
(Figure 3D). The spectrum of a carboxymethylated 
cotton cloth (Figure 3F) exhibits a maximum at 
2.96n, compared to the 3.00, position of the control 
(Figure 3G). Figure 3H is the spectrum of the cot- 
ton after mercerization, exhibiting a similar shift of 
the position of maximum from 3.00 to 2.954. These 
spectra indicate clearly that all of these processes 
result in a lessening of the degree of hydrogen bond- 
ing. It seems probable that the reactions involve the 
amorphous regions of the cotton and remove a 
greater proportion of the more highly hydrogen 
bonded O—H groups in this region. The result, as 
observed, is a shift in the position of the unresolved 
band toward the less highly bonded crystalline O—H 
groups at shorter wavelengths. Rowen et al. [20] 
observed the converse effect, the increase in wave- 
length position of the maximum of the O—H stretch- 
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ing band from 2.86 to 2.94y during deacetylation of 
cellulose acetate. 

Brown et al. [3] have published results of one of 
the very few investigations of cotton in the funda- 
mental O—H vibration region of the infrared spectra, 
about 3.0%. From samples prepared by casting thin 
films on finely ground glass plates they found that 
the shape as well as frequency of the absorption 
bands associated with the fundamental hydroxyl 
stretching modes can be used to give considerable 
information about hydrogen bonding conditions. 
With the higher resolution possible with LiF optics, 
bands were observed arising from O—H stretching 
vibrations at about 2.98, 3.05, and 3.08», with 
shoulders on both sides of the 2.984 band. Free 
O-—H stretching gives rise to sharp symmetrical 
bands, while bonded O—H stretchings are unsym- 
metrical with broadening toward the lower frequency 
sides. A measure of the symmetry index ® is thus 
some criterion of hydrogen bonding. However, as 
seen from the spectra in Figure 3, obviously band 
shapes and symmetry indices have no significance in 
the unresolved NaCl spectra. 

Marrinan and Mann [15] investigated hydrogen 
bonding by examining the infrared spectra of cellu- 
lose before and after deuteration. They explain the 
results of their experiments on the basis that deutera- 
tion at ordinary conditions results in substitution of 
deuterium for hydrogen in the hydroxyl groups of 
the amorphous regions only. In these amorphous 
regions there is a range of hydrogen bonds of varying 
strengths and hence a broad unresolved band. This 
is the band observed before deuteration. In crystal- 
line regions, however, there are a discrete number of 
hydrogen bonds, each giving rise to a definite ab- 
sorption band. Thus the spectrum from about 2.8 
to 3.34, measured with LiF optics, after deuteration 
exhibits four discrete bands. A new band appears 
about 3.9n, attributable to O—D stretching, and a 
band with maximum at 3.4, arising from C—H 
stretching, is unchanged. Removal of the unresolved 
bonds arising from hydroxyl groups in the amor- 
phous regions by converting them to O—D bonds 
makes it possible to observe the bands which are 
attributable to the O—H stretching arising from 
the hydroxyl groups in the crystalline regions. 





5 Symmetry index is defined as the ratio of the band 
widths on the low and on the high frequency side of the 
maximum at half band absorbance. The symmetry index for 
a symmetrical band is thus unity and is greater than unity 
for bands which are broadened on the low frequency side [3]. 
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The KBr disc technique is ideal for investigations 
of hydrogen bonding, as spectra can be obtained with 
no change in bonding or degree of crystallinity dur- 
ing the process of obtaining them, they can be ob- 
tained quickly and simply, and quantitative measure- 
ments can be obtained with high precision. Con- 
siderably additional measurements of the KBr disc 
spectra in the region of the fundamental O—H (and 
O—D) stretchings with resolution greater than that 
obtained with NaCl optics, together with correspond- 
ing measurements of the overtone and combination 
bands in the near infrared, are needed. The papers 
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Fig. 4. Infrared spectra of Deltapine cotton: (A) ground 


to pass 2 mm. mesh in Wiley mill; (B), (C), (D), (E), 
and (F) ground in vibratory ball mill. 
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of Ellis and Bath [5], Brown, Holliday, and Trotter 
[3], and Marrinan and Mann [15] have indicated 
clearly that such measurements would be a fruitful 
source of data for further investigations of hydrogen 
bonding of cellulose and modified celluloses. 


Crystallinity 


In Figure 4 are shown the spectra of a Deltapine 
raw cotton before and after a series of grindings in a 
vibratory ball mill of the type described by Forziati 
et al. [7]. The effects of the decrystallization ac- 
companying this grinding can be observed. The 
broad unresolved band at 2.95y, arising from O—H 
stretchings, progressively increases in intensity. The 
rather weak but distinct bands in the region between 
7.0 and 9.0u become less and less distinct. Presuma- 
bly various bendings can occur at a multitude of 
frequencies in the amorphous cotton. The more 
rigorously fixed vibrations of the crystalline cotton 
give rise to a series of sharp bands which disappear 
on decrystallization, gradually giving way to a broad 
absorption band. In particular the band at 6.9,, 


arising from C—H bending, disappears. In the re- 
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Fig. 5. Infrared spectra of chemically decrystallized cot- 
ton (crystallinity measured by acid hydrolysis). 
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gion near 11.00, a very weak band in the raw cotton 
increases in intensity as the crystallinity decreases.® 
Both the changes at about 7 and Il» are very small, 
but they are in opposite directions. A ratio of ab- 
sorptivities at these two wavelengths is thus a reason- 
ably sensitive measure of degree of crystallinity. 
Values of this ratio, called crystallinity index,’ are 
given in Table I for the series of cottons decrystal- 
lized in the vibratory ball mill. Conrad and co- 
workers [2] have shown that values of crystallinity 
measured in this manner are directly proportional to 
data obtained from X-ray diffraction measurements. 
Appearance of a band at about 7.0y and no distinct 
band at 11.0u, or conversely, no band exhibited at 
about 7.0, but a distinct band at 11.0y, are reasonably 
sensitive criteria of crystalline and decrystallized cot- 
ton cellulose, respectively. 

Several workers engaged in investigations of poly- 
mers by means of their infrared absorption spectra 
have assigned specific absorption bands as “crystal- 
line” or “amorphous.” A “crystalline” band is de- 
fined as one which decreases in intensity pro- 
gressively with increase in temperature and finally 
disappears completely when the polymer becomes 
molten. Conversely an “amorphous” band is one 
which does not appear in the spectra of the crystal- 
line polymer and becomes more intense with in- 


creased amorphous character. Sandeman and Keller 


6 Forziati et al. [7] noted an increase in this band at about 
llw in converting cellulose I to cellulose II and to amor- 
phous cellulose 

7 Crystallinity index is defined as the ratio of the ab- 
sorbance of the band maximum at about 6.9 to the ab- 
sorbance of the maximum about 11.04. Absorbancies used to 
calculate the indices reported in Table I were obtained from 


measurements at these two wavelengths by the usual base- 
line technique. 


TABLE I. Measurements of Crystallinity from 


Infrared Absorption Spectra 


Chemical decrystallization 


Mechanical decrystallization (ethylamine) 


Time grinding 
in vibratory 
ball mill, 


min. 


Crystallinity 
Crystal- by acid 
linity hydrolysis, 
index % 


Crystal- 
linity 
index 

2.88 

2.49 

1.65 

1.27 

0.93 

0.78 


0 (Control) mf 

5 : 78 
10 cea 63 
25 ¥ 39 
60 28 
480 ' 26 


91 (Control) 
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Fig. 6. Infrared spectra of polymorphic forms of cellulose. 
[23], for example, assign absorption bands at 10.70p 
in the spectra of nylon 6, at 10.67 in the spectra of 
nylon 6.6, and at 10.64 in the spectra of nylon 6.10 
as “crystalline” bands and describe how these bands 
may be used to estimate degree of crystallinity in 
these polymers. Under these definitions the bands 
at 6.9% and at 11.0, in the spectrum of cellulose may 
be called “crystalline” and “amorphous” bands, re- 
spectively. 

Cotton decrystallized chemically with ethylamine 
shows changes which, although much smaller, parallel 
those found by mechanical decrystallization, as shown 
in Figure 5. Crystallinity indices from these spectra 
are included in Table I. 

In Figure 6 are shown spectra of the three poly- 
morphic forms of cellulose—cellulose I, II, and III. 
Identity of these celluloses have been confirmed by 
X-ray diffraction. As seen in this figure, infrared 
spectra from KBr discs in the rock salt region from 
2 to 15y are not very satisfactory to differentiate the 
three polymorphic forms. Any small differences ob- 
served in sharpness of individual bands can be ac- 


counted for by small changes in degree of crystal-° 


linity.® 
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Mann and Marrinan [14] have described a method 
for estimating the crystallinity of cellulose by in- 
frared spectra based on the reaction between the 
cellulose and heavy water. Results are expressed as 
the ratio of the absorbance at the maximum of the 
O-—D (amorphous) band at 3.95« to that of the 
O-—H (crystalline) band at 2.984. While this method 
has the obvious disadvantage of requiring the addi- 
tional step of deuteration, it undoubtedly has the 
advantage of being a most sensitive method and may 
afford the most satisfactory procedure for obtaining 
crystallinity measurements by means of infrared 
spectroscopy. 


Cross-Linkage 


The spectra of a series of mercerized cottons cross- 
linked with epichlorohydrin are given in Figure 7. 
The effect of cross-linkage on the infrared spectra 
follow rather closely the effects of decrystallization. 
There is, however, a small decrease in the intensity of 
the O—H stretching band at about 3.0u. The very 
gradual decrease is observed in intensity of the 
progression of sharp distinct bands in the region 7.0- 
9.0n and, in particular, the decrease in the intensity 
of the band at 6.9% (weak in all these spectra as a 
result of decrystallization during the mercerization). 
An important difference is observed in the behavior 
of the band near 11.0u. In progressive decrystalliza- 
tion this band is developed (Figure 4). In the series 
of epichlorohydrin cross-linked cottons, the band, 
rather prominent in the control, due to the decrystal- 
lization during mercerization, becomes progressively 
less intense as cross-linkage, measured as decrease 
in cuprammonium increases. In_ the 
sample cross-linked to the point of almost complete 
insolubility (Figure 7F), this 11.04 band has com- 
pletely disappeared. 


solubility, 


Cross-linking appears to in- 
volve a band with maximum near 11.0u which is ob- 
served only in the spectrum of decrystallized cotton. 
This might indicate that cross-linking is occurring 
only in the amorphous regions. Disappearance of 
this band might also be explained by the increase in 
total absorption in the 8-lly region enveloping the 


8It should be noted, however, that Marrinan and Mann 
[16], using the considerably higher resolution afforded by LiF 
optics in conjunction with their deuterium technique for 
separating O-H stretching vibrations in the crystalline and 
amorphous regions, have demonstrated that the various 
polymorphic forms of cellulose can be differentiated readily 
by means of their infrared absorption spectra. 
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specific maximum. Steele [28] 


reaction of formaldehyde with cellulose by means of 


investigated the 


infrared absorption spectra and also noted an in- 
crease in total absorption in this region, attributing 
it to additional C—O linkages resulting from cross- 
linkage. Curves published by Steele clearly indicate 
the disappearance of the 11.0 band during the cross- 
Steele found that the 2.924 O—H 
stretching vibration band was reduced in intensity 
and that the 3.43 band, arising from C—H stretch- 


linking process. 


ing, was slightly increased. He interpreted these 
changes as indicating that, of the probable processes 
involved, the formation of methylene ether cross- 


links 
Cell—O—CH,—O—Cell 


occurs predominately. 

The intensities of the bands near 6.9 and 11.0% 
are, unfortunately, never very strong, and any meas- 
urements of cross-linkage using NaCl infrared spectra 
could not be made very sensitive. The intensity of 
the 11.04 band decreases more rapidly during cross- 
linking than does the band at 6.94. Thus (Figure 
7), the crystallinity index increases with increased 
cross-linking. However, except to follow the course 
of a specific cross-linking process, this index could 
not be helpful in determining the amount of cross- 
linkage, as it is more influenced by the amount of 
decrystallization of the particular sample than by the 


extent of cross-linkage. 


Oxidation 


Oxidation of cotton cellulose can produce several 
products, depending upon the conditions of the 
attack. [33] 
listed six products, all containing aldehyde, ketone, or 
The 


strong C=O stretching of each of these groups 


oxidative Unruh and Kenyon have 


carboxyl groups, which might be expected. 


should permit their ready identification and quantita- 
tive measurement with a high degree of sensitivity 
by means of infrared absorption spectra. 
[22 


ed 


Rugg et al. 
, for example, have shown from detailed study 
of the oxidation of polyethylene how various C=O 
groups can be differentiated by means of the infra- 
red spectra of polymers. 

The spectra of periodate oxidized cotton (Figure 
8) indicate C=O stretching in the region of 5—6xu. 
From chemical evidence it has been shown that with 


periodate oxidative attack is mainly at the secondary 
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carbons, at positions 1 and 2 in the cellulose mole- 
cule [33]. 


aldehyde formation, as in the case of dialdehyde 


This would be expected to result in 
starch. However, not until excessive oxidation has 
taken place are any C=O bands observed in the in- 
frared spectra (Figure 8). 

Forziati, Rowen, and Plyler [8] have shown that 
the carboxyl group can be detected and determined 
quantitatively by means of infrared absorption meas- 
They 


claim that their “results indicate that the intensity of 


urements to a sensitivity of 0.1 mmole/g. 


the absorption of the oxidized celluloses at 5.84, 
constitutes a fairly satisfactory measure of their 
carboxyl content even in the presence of appreciable 
amounts of non-carboxylic carbonyl.” In one sample 


they found and measured as little as 0.19 mmole/g. 
10 


A 
HIS 


-2.54 


, B 
-O053 

C 

813%-0.23 


TRANSMITTANCE (PERCENT) 


541%-0.41 


9.7%-O47 


WAVE LENGTH (MICRONS) 


Fig. 7. Infrared spectra of cross-linked cotton: (A) con- 
trol; (B) mercerized control; (C), (D), (E), (F) epichloro- 
hydrin cross-linked (percent cuprammonium solubilities and 
crystallinity indices are given). 
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of carboxyl in the presence of 7.37 mmole/g. of non- 
carboxylic carbonyl (by hydroxylamine hydrochloride 
method). In view of the known positions and in- 
tensities of the C=O stretching vibrations of alde- 
hydes and ketones (as demonstrated by Rugg et al. 
[22]), this conclusion is untenable without further 
qualification. 

Thus, two anomalous results are encountered in 
the examination of infrared spectra of oxidized cot- 
ton cellulose; (a) it can be oxidized under condi- 
tions which produce relatively large concentrations 
of aldehyde (or ketone) groups, but the spectra 
exhibit no evidence of the well-known, intense C=O 
stretching vibrations of these groups; and (b) the 
carboxyl content can be obtained satisfactorily with 
quantitative accuracy by measurement of the 5.8u 
C=O stretching vibration of the carboxyl group in 
the apparent presence of the very strong C=O 
stretching vibrations of the carbonyl group at wave- 
lengths so close that these bands would be incom- 
pletely resolved from the carboxyl stretchings in 
NaCl spectra. 


> 
; 
= 


WAVE LENGTH (MICRONS) 


Fig. 8. Infrared spectra, 5.0-6.5u, of periodate oxidized 
Deltapine cotton: (A) control; (B) 10% oxidized; and (C) 
highly oxidized. 
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Fig. 9. Infrared spectra, 5.5-6.0u, exposed to increasing 
dosages of gamma radiation in atmospheres of air, oxygen, 
and nitrogen. 
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Rowen, Forziati, and Reeves [21] have given a 
reasonable explanation for these anomalous findings. 
They postulate that either or both of the free alde- 
hyde groups of the oxidized cellulose are hydrated by 
reaction with water as suggested by Malaprade [13] 
as an intermediate in the periodate oxidation of 
adjacent hydroxyl and carbonyl groups. 

Very probably the first stage in the periodate 
oxidation of cellulose is the formation of the aldehyde 
hydrate, which, although it would react as a carbonyl 
group with certain chemical reagents, gives rise to no 
C=O stretching bands in its infrared spectra, as this 
group is not present in the oxidized molecule. In 


’ fact, little change would be expected from the spectra 


of the original nonoxidized sample with two sec- 
ondary hydroxyl groups, and none is observed. On 
further oxidation, either the aldehyde is converted 
to carboxyl or oxidative attack is initiated at the 
primary hydroxyl of the molecule to produce a 
carboxyl group. This is readily detected by the 
appearance, in the infrared spectra, of the character- 
istic C=O stretching of the carboxyl group. The 
method of Forziati, Rowen, and Plyler [8] for the 
quantitative determination of carboxyl groups in 
oxidized cellulose is not valid, as claimed, in the 
presence of large quantities of carbonyl. They were 
able to obtain satisfactory quantitative results only 
because none of their oxidized cottons contained 
carbonyl groups per se. Only if all the carbonyl is 
tied up as a hydrate or hemiacetal can infrared 
measurements with rock salt optics be used for quan- 
titative determination of carboxyl content. 

The spectra of a series of cottons exposed to gamma 
radiation in atmospheres of air, oxygen, and nitrogen 
for a series of increasing dosages are given in Figure 
9. The carboxyl and carbonyl contents determined 
chemically are presented in Table II with the in- 
tensities of the infrared band about 5.84. As in the 
periodate oxidations, the intensities bear no rela- 
tion to the carbonyl concentrations, but above the 
limiting sensitivity (in agreement with Forziati, 
Rowen, and Plyler [8]) of about 0.1 mmole/g. the 
absorbances follow the chemically measured carboxy] 
groups. The postulations of Rowen, Forziati, and 
Reeves [21] afford a complete explanation of these 
results. Blouin and Arthur [1] used infrared ab- 
sorption data in their studies of the effects of gamma 
radiation on cotton. 

Obviously, if infrared absorption spectra are to be 
used for the determination of carboxyl group con- 
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tent, the absence of carbonyl groups (i.e., proof of 
the existence of hydrates or hemiacetals) must be 
established. With NaCl optics this usually can be 
accomplished by careful examination of the C=O 
stretching band, as aldehyde and carboxyl groups, 
although not completely resolved, exhibit maxima at 
somewhat different positions. The resulting band is 
less sharp when both are present. Use of higher 
resolution, as for example with CaF optics, should 
permit the simultaneous determination of both alde- 
hyde and carboxyl groups by means of infrared 
absorption spectra. If the carbonyl is tied up as a 
hydrate, obviously its determination could be ac- 
complished from infrared absorption measurements 
only after the hydrate linkage has been broken. This 
could be accomplished most easily by measurement 
of the spectra of some simple derivative of the hy- 
drated aldehyde. 


Heat Damage of Cotton 


A problem of considerable interest to the textile 
industry is the heat damage of cotton. Heat damage 
might be expected to arise from some oxidation 
which could be detected and determined by means of 
an examination of the infrared absorption spectra of 
the heat damaged sample. However, as seen in Fig- 
ure 10, either the concentration of oxidized materials 
is too small for detection by means of infrared or the 
oxidized product is again a hydrated aldehyde which 
could not be detected. No C=O stretchings are 
observed until the cotton has been heated to tem- 
peratures and for periods of time far in excess of any 
The 
C=O stretchings observed in the spectra of these 
excessively heated samples may be a_ secondary 
oxidation to give carboxyl groups. In any case, 
lack of any observable C=O stretching bands in the 
spectra of several heated cottons examined means 
that their carboxyl content is less than 0.1 mmole/g. 


encountered in actual commercial practice. 


Summary 


The infrared absorption spectra of cotton cellulose 
by means of the recently described application of the 
KBr disc technique can be used to investigate changes 
in physical and crystalline properties. Experiments 
are described illustrating how the technique can be 
employed to follow changes in hydrogen bonding or 
to measure the degree of crystallinity. Application 
of the technique to the few uses of infrared spectra 
suggested by earlier workers has been reviewed. 
It has been shown that oxidation of cotton can be 
detected and measured by means of infrared absorp- 
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Fig. 10. Infrared spectra of heated cottons: (A) Delta- 
pine, control; (B) Deltapine, heated 48 hr. at 162° C.; (C) 
Pima 32, control; (D) Pima 32, heated 48 hr. at 162° C. 


TABLE II. Infrared Spectra of Gamma Irradiated Cottons 


Irradiated in an atmosphere of air 


Car- 
bonyl 


Car- Car- Infrared 
bonyl boxyl absorp- 
groups, groups, tivity, 
mmoles/g. 5.7-8u 


Gamma 
radiation, 
roentgens 


Gamma 
radiation, 
roentgens 
0.28 
0.58 
1.91 
3.02 


xX 10° 
xX 107 
xX 107 
xX 108 


0.066 
0.066 
0.116 
0.161 


1.14 
2.08 
> 3.00 
> 3.00 


0.101 
0.211 
0.38 
0.63 


3. 5 
6.. 1 
1. 5 
1. 1 


0° 
0° 
08 
08 


Irradiated in an oxygen atmosphere 


boxyl 
groups, groups, 
mmoles/g. 


Irradiated in a nitrogen atmosphere 


Infrared 
absorp- 
tivity, 
5.7-8y 


Car- Car- Car- 
bonyl boxyl 
groups, groups, 
mmoles/g. 


Infrared 
absorp- 
tivity, 
5.7-8y 


Gamma 
radiation, 
roentgens 


No band 
No band 
0.048 
0.067 


5 X 10° 
xX 10° 
xX 10° 
xX 108 


0.015 
0.023 
0.070 
0.139 





0.22 
0.36 
1.30 
2.66 


0.022 
0.039 
0.107 
0.155 


No band 
No band 
0.044 
0.070 
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tion spectra only if a C=O is produced per se by the 
oxidation process. 
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Abstract 


Measurements have been made of the lifetime under dead load behavior of high 
tenacity bright nylon yarn in dry nitrogen at eight temperatures in the range 30—-125° C. 
The data obtained have been interpreted using a previously published absolute reaction 


rate theory of the creep failure of oriented crystalline polymeric fibers. 


The prediction 


of the theory that the logarithm of the lifetime should be a linear function of the sus- 
tained dead load was found to be consistent with the experimental results at all tem- 


peratures investigated. 


The data were used to calculate estimates at each temperature 


for the displacement volume 6 and the free energy of activation AF* for the breakdown 


process. 


An examination of the temperature dependence of AF* has yielded the con- 


clusion that the negentropy of activation — AS* makes a negligible contribution to AF*. 
The best estimate for the heat of activation for breakdown AH* was found to be ~49 kcal. 


Introduction 


In previous publications [1, 3] a simplified abso- 
lute reaction rate theory was presented which per- 
mitted calculations of breaking times for partially 
oriented polymeric filaments bearing time-depend- 
ent tensile loads. This theory is only approximate 
in that it neglects some statistical considerations 
which have been discussed elsewhere [2] and will 
be discussed in more detail in future publications. 
It is believed, nevertheless, that the reaction rate 
theory furnishes an adequate basis for calculating 
average lifetimes for ensembles of fibers under load- 
ing histories which cause creep failure. The theory 
should be particularly applicable to such materials 
as drawn nylon, cotton, rayon, and drawn Dacron? 
polyester fibers. 

The present paper is concerned with lifetime 
under dead load measurements; that is, measure- 
ments of times required for breaking ts for yarns 
subjected to constant tensile stresses f. Yarn life- 
times have been determined as a function of f for 
high tenacity bright nylon at selected temperatures 
through the range 30-125° C. The data and their 
interpretation are to be presented here. 

We shall make no attempt to summarize the 


' Present address: Mellon Institute, Pittsburgh 13, Penn- 
sylvania. 
2 Du Pont trademark. 


previous theoretical and experimental work on the 
temperature dependence of the strength of nylon 
and other textile fibers, except to mention a paper 
by Illingworth and Kilby [4] which gives recent 
results of careful and extensive measurements of the 
tensile strength, under loads that are proportional 
to time, for polyamide, polyester, and cellulose 
yarns throughout the temperature range 20—160° C. 
These authors present a rate process theory and 
give references to earlier experimental investiga- 
tions on the temperature dependence of tensile 
strength. 


Theory 


The discussion given below is based on the theory 
presented previously [1,3]. According to this 
theory, the lifetime of a fiber which is bearing a 


constant tensile stress f (in dynes cm.~*) is given by 


PM ae 
red Ey 


+ 


»AF e (1) 


Here AF* (in kcal. mole) is the free energy of 
activation for the displacement of force centers, 
X (jump distance) is the separation between the 
positions of minimum potential of mean force, 6 
(displacement volume) is equal to the product of 
the effective cross-sectional area per force center 
and the jump distance, Yg (in cm.) is a measure of 
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the critical amount of irreversible distortion that 
the microstructure can tolerate before the break- 
down process occurs with catastrophic rapidity, T 
is the absolute temperature, R is the gas constant, 
k is Boltzmann’s constant, and / is Planck's con- 
stant. In deriving Equation 1 it is assumed that 
fé is at least two or three times greater than 2kT. 
Other restrictions on Equation 1 are discussed at 
length elsewhere [3]. 

It is common practice in the textile industry to 
express tension in the units of grams per denier, 
where the denier is the weight in grams of 9000 
meters of the unloaded yarn at room temperature. 
We shall use the symbol f’ to denote tension in 
these units. Ifa fiber, at temperature 7, is bearing 
a free-hanging weight W (in g.) and has a denier d 
as measured for a relaxed sample at room tempera- 
ture, the value of f’ is defined by 


f' = W/d (2) 


regardless of the value of T or the elongation E 
caused by W. On the other hand, the true tensile 
stress f in c.g.s. units is 


f = Wg/A (3) 


where g is the gravitational constant (~ 980 cm. 
sec.—*) and A is the cross-sectional area (in cm.*) of 
the yarn at the moment under consideration. To 
a very good approximation, for those fibers whose 
density is relatively insensitive to temperature or 
stretching, we can write for A in Equation 3: 


d 


4-= p9 X 10°(1 + E)(i — S) 





(4) 


where S is the free shrinkage of the yarn on going 
from room temperature to T and p is the mean 


density (g. cm.~*) of the yarn. If the weight W is 
sufficiently large so that the yarn will eventually 
break (tg finite), yet small enough so that the yarn 
lasts for several seconds, then for most of the time 
tg the fiber will have an elongation E that is very 
close to the elongation at break Ey. When this is 
the case, the value of f for insertion into Equation 1 
can be calculated from f’ by means of Equations 2, 
3, and 4: 


f = f'og(1 + Es)(1 — S)9 X 10° (5) 


For many textile fibers, Eg, at constant 7, has 
been observed to be independent of f and tg. In- 


TEXTILE RESEARCH JOURNAL 


deed, for 66 nylon [1] near room temperature, Ez 
appears to be independent of the functional form of 
f for a large class of general loading histories, f(t). 
Thus, if we plot logio¢s versus f’ at a particular 
temperature, according to Equations 1 and 5 we 
should expect to get a straight line: 


logiots = a — Of’ (6) 


Here, a and b are functions only of T. 
1, 5, and 6 yield 


Equations 


im Yeh AF* 
= logio (22) + 0.4343 RT 
(1 + Ez) (1 — S)9 X 10° , 


ee pg Se 
= 0.4343 ET 


(8) 


Equation 7 permits us to calculate the standard 
free energy of activation AF* from a if we make 
an assumption about the magnitude of ys/A. For 
the calculations reported in Table III, it has been 
assumed that ¥2/\ has the same order of magnitude 
as Ex. The calculated values of AF* are not very 
sensitive to Ys/A. If the estimate for ys/\ were to 
be changed by a factor of 10*, the tabulated values 
of AF* would change by, at most, 3.7 kcal. 

The standard free energy of activation may be 
resolved into entropy (AS*) and enthalpy (AH*) 
components: 


AF* = AH* — TAS* (9) 


If it can be assumed that throughout the tempera- 
ture range under consideration AH* and AS* are 
independent of 7, then a plot of AF* (as determined 
from Equations 6 and 7) versus 7 will yield AH* 
for its apparent intercept and AS* for its slope. 
According to Equation 8, once Eg and S are 
known for a given yarn, an estimate for the magni- 
tude of the displacement volume 6 can be obtained 
from the slope 6 of a plot of logio ts versus f’. If 
it is assumed that the hydrogen bonds are the most 
important force centers in nylon, and that the po- 
tential of mean force is distorted in a symmetrical 
manner by the applied tension, then a lower bound 
may be calculated [1 ] for 6 from purely geometrical 
considerations. For 66 nylon the lower bound is 
~150 A® or, roughly, } the volume of a unit cell. 
This value of 150 A® applies only to a ‘‘perfect”’ 
fiber which has no stress concentrating defects and 
whose fine structure consists solely of triclinic crys- 
tallites whose ¢ axes are parallel to the fiber axis. 
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A multiplicity of reasons may be invoked to ex- 
plain why experimentally observed values of 6 ex- 
ceed the theoretical lower bound. For example, 
the presence of only partially oriented crystallites 
[1] and regions of incomplete crystallization must 
give rise to an increase in 6 over its lower limit. 
Stress-concentrating defects will make the micro- 
stress greater than the apparent tension f, and will 
yield anomalously high values of 6 when experi- 
mental data are interpreted with Equations 6 and 8. 
Also, thermal motion of the force centers in plastic 
materials, such as nylon, can be expected to cause 
a slight dependence of 6 on temperature. To a first 


approximation, we can expect 6 to be a linear func- 
tion of T: 


$=a+ T (10) 


When the experimental data are examined it will 
be seen that the precision is not sufficient to estab- 
lish definitely the functional form of 6(T). 

If we wish to consider the dependence of tg on T 
at constant stress,’ f, it is convenient to use Equa- 
tion 10 to write Equation 1 in the form 


h Ss 
logiots = {10g kL a 0.4343( : i) 


ART R 2k 


1 AH* fa 
= 10.4343( —— — ; ) 11) 
v3 | Er BH. 
For practical purposes the first term in Equation 11 
may be regarded as being independent of 7. If 
we plot logiotg versus 1/7 we should expect to 


get a straight line whose slope, when multiplied by 
2.303, is 


AH* _ AH* _ fa sin 
PS 2k \ 


This apparent enthalpy of activation AH* depends 
on f, and cannot be regarded as a fundamental fiber 
property. To obtain AH* from AH*, one must 
either know a precisely or one must calculate AH* 
at several values of f and extrapolate to zero f. 
But a@ is not known precisely (it is not even known 
whether or not 4 is really a linear function of 7), 
and the latter course of extrapolation is not feasible 
for those strong fibers for which human patience 
requires that measurements be restricted to a small 


3 Note that this does not correspond to constant f’ or con- 
stant total load Wg. 
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range of relatively large values of f, lest one be 
forced to measure extraordinarily large values of tz. 

The above considerations have led the authors to 
suggest the following method of determining AH*, 
AS*, and the other fundamental strength param- 
eters for a yarn in a given range of T: 


i. Perform lifetime under dead load measure- 


ments at constant 7, varying f’ so that a con- 
venient range of tg is covered. 

2. Determine the parameters a and 6 in Equation 
6 by least squares analysis, assuming that the error 
in f’ is negligible compared to that in logo tp. 

3. Repeat steps 1 and 2 at different temperatures 
in the prescribed range of T. It will be noticed 
that the range in f must be changed as T is changed 
if tg is to be limited to conveniently measured 
values. 

4. Measure the free shrinkage S on going from 
room temperature to the values of T under con- 
sideration. 

5. Measure the elongation at break Eg, at each 
temperature, starting with relaxed yarn at that 
temperature. If Eg is nearly independent of f(t), 
this can be done using any convenient loading 
history. 

6. Compute AF* and é at each temperature using 
Equations 7 and 8. 

7. Plot AF* versus 7. If a reasonably good 
straight line is not obtained, a first or second order 
phase transition is indicated. If the plot appears 
linear, perform the least squares analysis suggested 
by Equation 9, thus obtaining AH* and AS*. 


The remainder of this paper contains a descrip- 


tion of the application of steps 1 through 7 to 66 
nylon. 


Experimental Details 


The lifetime under dead load measurements were 
made in a nitrogen atmosphere whose temperature 
was controlled to within 0.1° C. The dead-loading 
curves (plots of logiots versus f) were determined 
at the following temperatures in the order listed: 
50.0, 75.0, 100.0, 125.0, 30.0, 65.0, 110.0, 50.0 
(repeat), and 85.0° C. 

The yarn tested came from a single pirn of 210 
den. high tenacity bright nylon consisting of 34 
continuous filaments. Prior to the tests, the yarn 
was transferred to a new pirn and in the process 


twisted to a total twist of 3.75 turns/in. It was 
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then stored in a nitrogen atmosphere at room tem- 
perature. When the first set of measurements at 
50.0° C. was started, the yarn had been kept in 
nitrogen for one week. Throughout the entire 
period of this work, while samples were being tested, 
the remaining yarn was stored in nitrogen. The 
second run at 50.0°C. was started about three 
months after the first run at 50.0° C. was completed. 
The reasonably good agreement between the data 
obtained in the two experiments at the same tem- 
perature indicates that the pertinent physical prop- 
erties of the yarn did not change appreciably while 
the intermediate tests were in progress. Denier 
measurements were made on the dry yarn periodi- 
cally throughout the course of this work; all the 
results obtained were within the range 210.5 + 1. 

The dead load values were selected so as to cover 
the range 2.9 < logyts < 5.4 with 45 + 10 breaks. 
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SHOE ¢ “6-32 SOCKET 


HEAD CAP SCREW ad STAINLESS STEEL 


WEIGHT STRAP 


2° DiA«# FIBER CAP 


_— yr2 DIA STEEL DISC 
TO TRIP MICROSWITCH 


WEIGHT 


Fig. 1. Diagram of contents of copper tube containing 
clamping assembly for lifetime under dead load measurements. 
Four such tubes, and the copper coils for the Nz supply, were 
mounted in a large oil bath whose temperature was regulated 
to +0.05° C, 
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The yarn samples were tested in groups of four, 
using electric timers to record the breaking times. 
The length of all the test samples was 14 cm. 

A line drawing of the method of clamping is 
shown in Figure 1. The yarn and clamps were 
enclosed in a copper tube which was immersed in 
an oil bath; the oil bath contained four such tubes. 
The temperature of the oil bath was regulated to 
within 0.05°C. Dry Seaford nitrogen was passed 
through a copper coil immersed in the bath and 
thus brought into thermal equilibrium with the oil. 
A five-way tee at the bottom of the bath distributed 
the moving nitrogen equally into each of the copper 
tubes. A ;y-in. hole in the Teflon plugs at the top 
of the tubes insured a net upward flow of nitrogen. 
Thus, any air that may have gotten into the tubes 
during the clamping operation was quickly driven 
out. It will be noticed that the apparatus was 
designed to insure that both the atmosphere about 
the yarn (the nitrogen) and the wall of the imme- 
diate container (the copper tube) were at the same 
temperature. 

About 5% of the time the yarn broke either at 
the steel pin surface of one of the clamps or within 
0.25-in. of the surface (as measured on the relaxed 
yarn after fracture). When this occurred the data 
were rejected and the break repeated. If three 
such clamp breaks occurred consecutively at the 
same clamp, the pin surface was repolished. 
always corrected the situation. 

The measurements of the shrinkage and elonga- 
tion used to prepare Table I were made in air. The 
values of Eg are the average of Instron measure- 
ments at three rates of strain: 0.02, 0.10, and 0.60 
minute. No significant trend was found for the 
variation of Ex, with rate of strain at the tempera- 
tures studied. Prior to each measurement of Eps 
the samples were allowed to shrink under zero load 
at the temperature listed until no further observ- 
able length changes occurred. Thus, the Eg values 
were determined on samples which previously had 
been equilibrated with their environment. 


This 


Discussion 


Plots of logiots versus f’ for the dead-loading 
experiments are shown in Figures 2 and 3. Each 
point represents a single break. It will be noticed 
that, within the precision of the data, Equation 6 
is obeyed throughout the temperature range inves- 
tigated. Values of a and } were calculated by the 
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method of least squares. The results are shown in 
Table Il. The probable errors for a and } and 
standard errors of estimate are also listed. These 
data, when combined with the phenomenological 
relationships reported earlier [3], can be used for 
the precise estimation of safety limits in the design 
of textile components for use at elevated tempera- 
tures. The precision limits reported here for a and 
b are not due to experimental errors, but rather to 
the extreme sensitivity of the lifetime under dead 
load experiment to slight fluctuations in fiber prop- 
erties. Tenacity measurements on the same yarn, 
if made with loads proportional to time, would show 
a much smaller relative statistical variation [2 }. 
The data in used, in con- 
junction with Equations 7 and 8, to compute the 


Tables I and II were 


. 
Cc 
@ - 75°C 
@ - 100°C 
@- 125°C. 


50°c 
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Fig. 2. Plot of experimental values of the logarithm of 
the lifetime in seconds versus the dead load in grams per 
denier. Deniers were measured at room temperature using 
the relaxed, unloaded yarn. Open circles are data for the 
first run at 50.0°C. Solid circles pertain to the second (and 
more reliable) run at 50.0° C. 
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Fig. 3. Plot of experimental values of the logarithm of the 
lifetime in seconds versus the dead load in grams per denier. 
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values of AF* and 6 listed in Table III. For these 
calculations it was assumed that for drawn dry 
nylon p = 1.14 g.cm.~* (approximately) ; this yields 
9 X 10° pg = 1.09 <x 10°. The 
T was used as an estimate for yz/A. When values 
of Eg or (1 — S)(1 + Eg) were not available at a 
particular temperature, they were obtained by 
linear interpolation of the neighboring values. 

The calculated values of 6 do not exhibit any 
systematic dependence on temperature. It appears 
that the best one can do with the values listed is to 
say that the mean value of 6 for dry high tenacity 


value of Ez at each 


TABLE I. Values of Ey, and (1 — S)(1 + Ez) for High 
Tenacity Bright Nylon with 3.75 Turns/In. 
ie 


“ Eg qa-s 


)\(1 + Esp) 


24 0.159 14 
50 0.167 146 
75 0.185 4g 
3.204 4 
0.298 a 


TABLE Il. Summary of Lifetime Under Dead 


Load Measurements 


(Assuming logy ts = a — bf’; indicated limits are probable 
errors [5]; ¢ is the standard error of estimate.) 


b, 
den. g.~ e 


0.167 
0.347 
0.204 
0.091 
0.266 


2.61 + 0.06 
2.61 + 0.14 


2.24 + 0.04 
3.46 + 0.15 


7.34 + 0.37 
19.06 + 0.65 
16.03 + 0.30 
13.06 + 0.20 


22 
20. 
21. " 2.64 + 0.11 
17. 
23.5 
17. 


2.43 + 0.07 


3.03 + 0.13 


2.45 + 0.06 
2.08 + 0.05 


0.180 
0.285 
0.154 
0.138 


TABLE Ill. Free Energies of Activation and 


Displacement Volumes 
AF*, é, 
kcal. A®x 102 


PAP > > > 
ma in We 00 sh sr 


Aun woo 
Ke noeoar oo 
7 


ROA Ue wD 


- 


Average Average = 5.0 X 10° 
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bright nylon, in the temperature range 30—-125° C., 
is ~500 A*. If one, nevertheless, tries out Equa- 


tion 10, a least squares analysis yields 


§ = 235 + 236 — T(0.770 + 0.67) —(13) 


with a standard error of estimate of 88. In Equa- 
tion 13, 6 is in A? and T in degrees Kelvin; the 
indicated limits for the linear parameters are prob- 
able errors. 





a Os ear 
Tx 107°» 
Fig. 4. Plot of AF* in kcal. versus the thermodynamic 
temperature. The values of AF* were calculated from the 
data shown in Figures 2 and 3, using Equation 7. 








10° « 1/T —~ 


Fig. 5. Plot of the logarithm of the lifetime in seconds 
versus the reciprocal of the thermodynamic temperature, 
assuming f = 5.5 X 10° dynes cm.~. 
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Figure 4 shows a plot of AF* versus T (in degrees 
Kelvin). The radii of the circles are equal to the 
probable errors in AF* caused by the probable errors 
attributed toain Table lI. It appears that through- 
out the range of 7 studied, AF* is a constant. 
Indeed, a least squares calculation has given for 
Equation 9: 


AF* = 48.6 + 10.0 + 7(0.0091 + 0.028) (14) 


Here, AF* is in kcal. and T in degrees Kelvin; the 
indicated limits are probable errors. The standard 
error of estimate for Equation 14 was 3.72. Thus, 
we have as our best estimates, AH* = 48.6 + 10 
kcal. and AS* = —9 + 30 eu. (cal. deg.-'). We 
conclude that for 66 nylon AS* makes a negligible 
contribution to AF*. This explains the approxi- 
mate equality of our estimate of AH* and the 
average of the values of AF* in Table II. 

A test of the prediction of Equatton 11 that a 
plot of logy ts versus 1/T should yield a straight 
line is shown in Figure 5. A particular value of f, 
f = 5.50 X 10° dynes cm.~*, was selected for this 
test. At each of the values of T listed in Table I, 
the experimentally determined values of a and } 
were used to calculate logiots for that f’ which, 
at the temperature considered, corresponds to f = 
5.50 XK 10° dynes cm.~*. For T > 100°C. this 
method of obtaining logis tg represented little more 
than an averaging of the dead-loading data. For 
T < 100° C., however, the values f’ involved in the 
calculations were outside of the ranges investigated 
in the experiments (see Figures 2 and 3); thus, for 
these cases, the values plotted in Figure 5 represent 
extrapolations which assume the validity of Equa- 
tion 6. The straight line obtained in Figure 5 
covers seven decades in time; thus it confirms both 
the functional form of Equation 11 and the validity 
of the use of Equation 6 for extrapolations to large ¢. 

A least squares analysis of the plot shown in 
Figure 5 has given the following result: 


3 
10 as 


logiote = 17.85 + 0.75 + (8.45 + 0.26) 
with a standard error of estimate of 0.281. A com- 
parison of Equations 15, 11, and 12 yields, for the 
apparent enthalpy of activation at f = 5.50 X 10°: 


AH* = 38.7 + 1.2 kcal. 


where the indicated precision corresponds to the 
probable error shown for the coefficient of 1/7° in 
Equation 15. If we add to AH* the contribution 
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of the second term on the right in Equation 12, 
assuming that a ~ 235, we obtain 48 + 11 kcal. as 
an estimate for AH*. The large probable error in 
a contributes over 9 kcal. to the error associated 
with the value of 48 + 11 kcal. for AH*. This 
second estimate for AH* is in very good agreement 
with the value of 49 + 10. kcal. from 
Equations 9 and 14. Arguments given earlier in 
this paper indicate that the estimate for AH* ob- 
tained from Equations 9 and 14 should be superior 
to that based on AH* and Equation 12. Consid- 
ering the spread in the raw data and the heuristic 
nature of the assumptions involved in the two cal- 
culations (such as the use of Equation 10 and the 
identification of yz/ with Ez), the very close agree- 
ment obtained is probably partly fortuitous. 


obtained 
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Abstract 


Fabrics in use are rarely subjected to extensions in only one direction, though fabric 


load—extension testing is normally done in this way. 


A two-dimensional tester has been 


constructed with which load-extension curves for both weft and warp directions (or 


any other mutually perpendicular directions) are recorded simultaneously. 


The internal 


strain within the homogeneously strained portion at the center of the fabric is also 


recorded. 
woven fabrics and on plastic film. 


Introduction 


The determination of the breaking load and ul- 
timate extension of fabrics and the nature of the 
load—extension curve provide useful information con- 
cerning the quality of the basic material of the fabric 
and give guidance as to the suitability of the material 
for any particular end use. 

The normal determination of the load—extension 
characteristics of a fabric consists either of tests on 
a constant rate of extension tester (e.g., the Instron 
Tensile Tester) or a constant rate of load tester (e.g., 
the Scott Inclined Plane Strength Tester). These 
methods usually consist of tests in either the warp 


The instrument is suitable for making measurements on both knitted and 


or weft directions of the fabric, or both, but not in 
warp and weft directions simultaneously. In actual 
service, fabrics are rarely subjected to an unre- 
stricted extension in one direction. In some par- 
ticular application a load applied in, say, the warp 
direction of a fabric may induce a considerable load 
in the weft direction if the weft threads are restricted 
at some arbitrary boundary. As a result of such 
restraints, a considerable cross-straining is set up in 
the fabric and the warp appears to be considerably 
stiffer, in the sense that the load—extension curve has 
an increased slope compared with that determined in 


a one-dimensional test. 





400 


In order to investigate the effects of cross-straining 
in both woven and knitted fabrics, an apparatus has 
been constructed which permits the determination of 
the dynamic load—extension curve of a fabric in two 
mutually perpendicular directions simultaneously. 

Multidirectional test devices (mainly for rubber- 
like materials) have been developed by Ariano [2], 
Anderson [1], Boonstra [3], and Treloar [5]. A 
two-dimensional load—extension 


tester for woven 


fabtics has been described by Reichardt, Woo, and 


Montgomery [4] and used in an investigation of 
mechanical properties of formaldehyde-treated cel- 
lulosic fabrics by Woo, Dillon, and Dusenbury [6]. 
Their tester consists of a modification to the Instron 
Tensile Tester in the form of an additional pair of 
fabric grips plus a strain-sensing element. The 
strain-measuring device indicates the strain in the 
homogeneously strained region of the fabric as a func- 
The disad- 
vantage of this tester is that there is no simultaneous 
measurement of warp and weft loads and warp and 


tion of the dynamically varying load. 


weft strains; also, the strain is indicated over a very 
limited region. 

The apparatus described overcomes the limitation 
of the tester mentioned above and may be used for 
the two-dimensional testing of knitted and woven 
fabrics, rubberlike materials, and plastic films. 


Apparatus 
Two-Dimensional Straining Device 


The straining device consists of a Pratt 24-in. 
four-jaw self-centering lathe chuck. The fabric is 
gripped between special jaws attached to the original 
chuck jaws. The chuck is mounted horizontally on 
a rigid table and is driven at a constant speed by a 


Fig. 1. Plan view of straining device. 
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The 
A plan 


}-h.p. motor suspended beneath the chuck. 
linear speed of each fabric grip is 1 in./min. 
of the straining device is shown in Figure 1. 

Blocks D and B, which contain the fabric grips 
D' and B', are moved either outwards or inwards by 
the motion of the chuck scroll. Blocks A and C are 
divided into two parts. Parts A‘ and C’ are driven 
by the scroll. Parts M and N, which actually con- 
tain the fabric grips, slide freely in grooves in the 
chuck bed and are linked to A’ and C' respectively 
by two Langham Thompson dynamometers of either 
200-lb. or 500-Ilb. maximum load, which fit on metal 
pegs P. Figure 2 shows a side view of one of the 
jaws which carries a dynamometer. 

Thus, when a fabric is extended between the four 
jaws, the loads in the fabric in mutually perpendicu- 
lar directions are transmitted to and registered by the 
dynamometers. 

The fabric is gripped between two flat surfaces Q 
and R (Figure 2), each 2 in. X 14 in. The fixed 
surface Q is of plasticized PVC, while R is of hard- 
ened steel. R is forced onto Q by the screw V, the 
shaft of which is in two parts. These are connected 
by a collar of nylon polymer in order to lessen the 
very real possibility of producing a spurious load 
signal by overtightening the grips, with consequent 
deformation of the chuck jaws. 

The movement of the jaws is limited by two micro- 
When 


closed the microswitches cut off the power to the 


switches fixed at the limit of their traverse. 


driving motor. The full limit of traverse of each jaw 
is 9 in., and the distance of nearest approach of op- 
posite jaws is 3.75 in. 

The Dynamometers 


The dynamometers are made by J. 
Thompson Ltd. 


Langham 
Each comprises a ring of beryllium 


copper with four active resistive elements cemented 


on the inner surface at opposite ends of longitudinal 
and transverse diameters. The load is applied by 
means of diametrically opposite lugs, which make a 


good sliding fit on the metal pegs on the chuck jaws. 


Fig. 2. Side view of Jaw C. 
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The resistive elements are connecied to form a 
Wheatstone Bridge, the output of which can be fed 
directly to an indicating meter. Sensitivities of the 
200-lb. and 500-lb. dynamometers are 0.015 mV /ap- 
plied volt/lb. and 0.006 mV/applied volt/Ib. respec- 


tively. 


Load Indication 


The outputs of the dynamometers are recorded 
separately on Honeywell-Brown Electronik strip re- 
corders having a full scale deflection of 10 mV. The 
input voltage for the dynamometers is provided by a 


series of Nife cells, the appropriate voltage being 
selected by a rotary switch. A variable resistor is 
placed across one arm of the bridge; it is used to 
balance out any signal from the dynamometer at zero 
load or to give any required arbitrary zero setting. 

The dynamometers were calibrated both statically 
and dynamically. For static calibration the dyna- 
mometer was suspended vertically and loaded suc- 
cessively with known loads, the output for a given 
load and input voltage being recorded on the strip- 
chart recorder. The output was also recorded dur- 
ing unloading. The loading and unloading curves 
were identical and linear. 

For dynamic calibration the dynamometers were 
fixed in special constructed links between the upper 
jaw and crosshead of the Instron Tensile Tester. A 
load was impressed upon the dynamometer by move- 
ment of the crosshead, this load being recorded on the 
Instron recorder. The dynamometer output was 
fed to a Honeywell-Brown recorder and compared 
with the Instron record. This procedure allowed a 
greater load range to be covered than did static load- 
ing. 
dynamic calibration curves were found to be identi- 


Where the load ranges overlapped, static and 
cal. Figure 3 shows the calibration curves for one of 
identical and 
linear during both loading and unloading up to the 
maximum loading claimed by the manufacturer. 


the dynamometers. The curves are 


Measurement of Strain 


A photographic technique is used for measuring 
the strain in the fabric or film during loading. A 
camera is supported over the center of the chuck on 
a rigid stand. It is focused on a series of grid lines 
on the specimen under test. As this is extended, a 
series of exposures can be taken of the displacements 


of the grid lines at any instant. The camera, an 
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electrically controlled one made by Shackman and 
Sons, permits a series of exposures to be made in 
rapid succession, the depression of the control key 
opening the camera shutter and then transporting 
the film for the next exposure after the first exposure 
has been completed. The camera takes 20 ft. of 
35-mm. film, providing 200 1 x 1-in. exposures with- 
out reloading. 


© — LOADING 
x — UNLOADING 


SIGNAL IN mV 


5-0 


200 300 
LOAD IN LBS 


Fig. 3. 


Dynamic calibration curve. 


Fig. 4. 


The complete instrument. 





Fig. 5. A close-up of the straining device. 
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Fig. 6. Test results, Terylene fabric. 
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Grid lines may easily be drawn on film specimens. 
The method of putting grid lines on the fabrics de- 
pends upon the fabric construction and the warp and 
weft yarn deniers. The grid lines may be drawn 
upon the fabric or put in in the form of contrasting 
threads. To obtain a good contrast between the grid 
lines and the fabrics (most of which are usually 
white or off-white) bright red grid lines can be used 
in conjunction with an orthochromatic zecording film. 
The specimen is given top illumination from a single 
photoflood bulb and reflector at about Z ft. 

To determine loads in mutually perpendicular di- 
rections at the instant each photograph is taken, an 
additional pen is attached to each recorder, each pen 
being attached to the moving core of a miniature 
solenoid. On depressing the key of the camera con- 
trol unit, an electrical pulse actuates a relay in each 
solenoid circuit. This results in the application of a 
short voltage pulse to the solenoid, the spring-loaded 
core of which drives the pen a short distance across 
the chart. The extra pens are fixed at the high-read- 
ing side of the chart, hence do not interfere with the 
normal pen of the recorder. Figure 4 shows the 
complete instrument; Figure 5 shows a close-up of 
the straining device. 


Typical Results 


Figure 6 shows load—extension curves for a 4-oz. 
plain weave Terylene fabric made from continuous 
filament yarn. In both cases the fabric weft is stiffer 
than the warp except at high extensions, and the ef- 
fect of cross-straining is apparent in the displacement 
of the “two-way” curve. 

Figure 7 shows three typical photographs taken 
during the testing of a fabric woven from woolen- 
spun yarn. Figure 7a shows the unstrained fabric. 


Fig. 7. (a) Unstrained fabric; (b) strained fabric; (c) fabric just before the break. 
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Fig. 8. 


In this case the grid lines were put in with red sew- 
ing thread. The photographs of the strained fabric 
show clearly the heterogeneity of the strain pattern 
across the fabric, only a central portion being homo- 
geneously strained. 

Figure 8 shows load-extension curves obtained 
during the two-dimensional stretching of a plastic 
film. 
tained under one-dimensional stretching shows very 


Comparison of these curves with those ob- 


clearly the large extent to which “waisting” of the 
film inhibits the rise in load during extension. 





. Reichardt, C. H., 


Test results, Melinex film. 


Literature Cited 


. Anderson, S. L., J. Sci. Instruments 24, 25 (1947). 

. Ariano, R., Rubber Chem. and Technol. 13, 92 
(1942). 

. Boonstra, B. B. S. T., J. Appl. Phys. 21, 1098 (1950). 

Woo, H. K., and Montgomery, 
D. J., TextiLe Researcu JourRNAL 23, 424 (1953). 

. Treloar, L. R. G., Trans. Faraday Soc. 46, 783 
(1950). 

. Woo, H. K., Dillon, J. H., and Dusenbury, J. H., 
TextTILeE RESEARCH JouRNAL 26, 761 (1956). 


Manuscript received November 20, 1957 





TEXTILE RESEARCH JOURNAL 


Some Relationships Between Supermolecular 
Structure and Mechanical Behavior of Native 
and Chemically Modified Cotton Cellulose’ 


Verne W. Tripp, Rollin S. Orr, Hilda M. Ziifle, and Carl M. Conrad 


Southern Regional Research Laboratory,? New Orleans, Louisiana 


Abstract 


Cotton fibers are constructed principally of macromolecules of cellulose. These are 
disposed in the fiber in such a way as to display a number of aspects, which collectively 
may be referred to as the “supermolecular structure.” It includes such features as 
molecular chain length, polymolecularity, natural cross-linkage, crystallinity, crystal 
modification, crystallite size, orientation, accessibility, and chemical modification. Super- 
imposed on these structural aspects is the gross morphology of the fiber itself. Many 
of these aspects have an influence in one way or another upon the response which the 
fiber makes when subjected to a variety of mechanical forces, which collectively may 
be referred to as “mechanical behavior.” Among the responses considered are strength, 
elongation, stiffness, toughness, elasticity, and resilience. Selected examples are pre- 
sented, showing how the mechanical behavior is conditioned in various ways by the 


supermolecular structure. 


Tue mechanical behavior of the cotton fiber is 
considered to express the supermolecular structure 
of which it is composed. Mechanical behavior, of 
course, refers to the response of the fibers and their 
products when subjected to any one of a variety of 
forces. By supermolecular structure is meant the 
physical arrangement resulting from the multiform 
association and organization of molecules in the 
fiber. 
the present report, is not limited to the macromolec- 
ular structure of Staudinger [36] or to the so-called 
fine structure, which, as Ranby [25] explains, rep- 
resents the microscopical morphology discernible be- 


Thus, supermolecular structure, as used in 


tween the lower limits of optical and electron mi- 
croscopic resolution (2500 and 30A) but includes 
the entire range of morphology. The gross struc- 
ture of the fiber itself plays an important part in 
determining fiber properties and is also considered. 

A considerable number of the important textile 
properties of cotton are influenced by mechanical 
forces; some only slightly, others more extensively. 


1 Presented at the 132nd Meeting of the American Chemi- 
cal Society, New York, New York, September 8-13, 1957. 

2 One of the laboratories of the Southern Utilization Re- 
search and Development Division, Agricultural Research 
Service, U. S. Department of Agriculture. 


Some of the more important of these, although by 
Some of these basic 
properties have different important subdivisions. 


no means all, are listed below. 


Several of the properties are especially important in 
mechanical fabrics. Others are important in ap- 
parel and household fabrics. The six properties 
considered include strength, elongation, stiffness, 
toughness, elasticity, and resilience. As Smith [34] 
has pointed out, these mechanical properties in tex- 
tiles, like those of other engineering materials, are 
basic, and all other mechanical properties, such as 
creep, drapeability, flex endurance, crease recovery, 
abrasion resistance, etc., can be related to one or 


more of these six. 


Some Structural Features Responsible for 
Meckanical Behavior of Cotton Fibers 


The macromolecular structural features responsi- 
ble for the peculiar behavior of cotton when sub- 
jected to mechanical forces is a subject which has 


received much attention in recent years and even yet 
is only partially explored. The structural factors 
given below, although not a complete list, are believed 
to be important. 

The gross morphology of cotton, which refers to 
the relatively large structural elements visible in the 
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fiber by microscopy, undoubtedly plays an important 
role in determining the mechanical properties of the 
fiber. In nearly every part of the fiber this structure 
is characterized by an ordered microfibrillate texture 
(Figure 1), giving rise to pores, channels, and 
cavities through which vapors and liquids can move. 
The arrangement of fibrils in the fiber follows a 
spiral pattern, in which reversals are frequent. It is 
marked by structurally weak points [8, 43]. This 
arrangement of fibrillate bodies thus is superimposed 
upon and contains the other structural features pres- 
ent in cotton. 

Molecular chain length in undegraded cotton cel- 
lulose probably averages 5,000 anhydroglucose units 
(DP) or more. 
1,000,000. 
this chain length decreases progressively to lower 
values. In strong mineral acid the chain length de- 
creases in a few minutes to about 220 anhydroglucose 


The molecular weight may exceed 
By action of various degradative agents, 


units, and thereafter hydrolyzes only very slowly to 
the oligosaccharides and to glucose. 

Polymolecularity or variability of molecular weight 
of cellulose is normally expressed in terms of degree 
of polymerization, or some function of it. In unde- 
graded cotton cellulose the chain length is normally 
most uniform and becomes less uniform as degrada- 
tion or depolymerization takes place. 

Cross-linkage in native cellulose is considered to 
be due to hydrogen bonding [24, Vol. 1, p. 230] 
through the hydroxyl groups and to van der Waals 
forces along the macromolecules. In the crystalline 
regions bonding is highly regular, to such an extent 
that the unit cell can be determined easily with the 
aid of X-ray diffraction. In the poorly crystallized 
or noncrystalline regions, on the other hand, the 


bonding is considered to be more or less sparse and 


random. Van der Waals forces are considered to 
cross-link along the chains perpendicular to the 
glucose rings. 


Crystallinity, which is often referred to as lateral 
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order, represents the state of arrangement of the 
macromolecules in many parts of the cellulose micro- 
structure. The order of arrangement in the crystal- 
line regions (crystallites or micelles) is considered to 
be equal to the order in crystals of small molecules, 
but due to the linear nature of the macromolecules 
and their intermingling, crystallization of the cel- 
lulose can never be very complete. Degree of crystal- 
linity is commonly used to indicate the proportion of 
the cellulose by weight which is arranged in regular 
lattice structure. 

Cotton in the native state appears to be remark- 
ably uniform in the degree to which its cellulose 
chains are organized laterally. With few exceptions, 
neither species nor variety shows characteristic varia- 
tion of this structural parameter. Significant reduc- 
tion of the crystalline component of cotton may be 
accomplished in a number of ways. 

Crystal modification or polymorphism of cotton 
cellulose is represented by at least four forms, iden- 
tified as celluloses I, II, III], and IV. All native 
cellulose is in the I modification, with the possible 
exception of the marine plant Halicystis, in which 
II has been reported to occur [24, Vol. 1, p. 236]. 
Cellulose II, often called hydrate cellulose or re- 
generated cellulose, is produced in the process of 
mercerization by a rearrangement of the space lattice 
Cellulose III is formed from 
native cellulose by treatment with liquid ammonia 


of native cellulose. 


or ethylamine [30] followed by evaporative removal 
of the liquid. Cellulose IV can be prepared [14] 
from cellulose III by heating the latter in glycerine 
to 250° C. 

The crystallite size, i.e., size of the crystalline re- 
gions in cellulose, is still in a rather unsatisfactory 
state of elucidation. Since cellulose macromolecules 
from beginning to end presumably pass through 
many crystalline regions, it is obvious that the latter 
can have no clearly demarked surface, at least at 


the ends, in the sense of conventional macrocrystals. 


Fig. 1. Gross structure of cot- 
ton fiber cell wall. (A) Primary 
wall; (B) winding layer; (C) sec- 
ondary wall. Distance between 
marks in each electron micrograph 
is lu. 
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From X-ray diffraction, electron microscope, and 
acid hydrolysis studies it is concluded [24, Vol. 1, 
pp. 255 et seq.| that the crystalline regions in native 
cellulose are roughly 1500 A long and perhaps 
40 x 50 A in cross section. 

The orientation of crystallites, sometimes referred 
to as the “X-ray angle,” is well established and easily 
determined by X-ray [4] and other means. In cot- 


ton cellulose the azimuthal angle of half maximum 
intensity about the 002 band varies from about 20 to 
45° [1,4]. Most of this is due to the spiral arrange- 
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Fig. 2. Relation between relative strength retained after 
heat degradation of cotton and rayon tire cords and degree 
of polymerization. 
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ments of the fibrils. The orientation is highly de- 
pendent on variety of cotton and conditions of 
growth. In certain other natural cellulosic fibers 
such as flax, ramie, and hemp, according to Morey 
[21] the orientation deviates only a few degrees if 
at all from the fiber axis. As will be shown be- 
low, orientation in cotton is highly correlated with 
strength. 

Accessibility is often confused with the converse of 
crystallinity, but it is very distinct in a number of 
ways. Actually, accessibility refers to the availability 
of macromolecules to participate in chemical reac- 
tions. A polycrystalline aggregate, containing no 
amorphous material, still could display a large amount 
of accessibility, depending on the total amount of 
available crystal surfaces. Accessibility depends, too, 
on the nature of the reactant in question. Small 
molecular reactants often will disclose much more ac- 
cessibility than will larger molecular reactants. In 
cellulose the accessible regions are considered to in- 
clude most, if not all, of the amorphous cellulose plus 
the lateral surfaces of the crystalline regions. 

Chemical modification of cotton cellulose has con- 
siderable effect on mechanical properties. Under 
chemical modification may be included such modifica- 
tions as partial acetylation, partial carboxymethyla- 
tion, partial cyanoethylation, partial methylation and 
ethylation, and many other esterifications, etherifica- 
tions, and hydroxyl replacement reactions. In all 
cases the degree of substitution (DS) may be slight, 
moderate, or extensive. 


Fiber Properties Responsive to Mechanical 
Forces 


Various properties of cotton fiber respond in one 
way or another to mechanical forces due to the 
supermolecular structure of the fiber. It will be the 
purpose of this section to deal with a number of 
specific cases, indicating in each case what important 
features of the structure are probably involved and 
in what way. 


Strength 


Strength is commonly thought of as the maximum 
force per unit area of cross section which a material 
will support without rupture. In textile materials, 
however, it is customary to express strength in terms 
of force per unit of linear density. In this form, as 
tenacity, it represents the number of unit lengths of 
the textile material which can be supported before 
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rupture. Strength is related to a number of super- 
molecular structural factors, but especially to molec- 
ular chain length and orientation. 

Gross morphology may be expected to affect tenac- 
ity to the extent that fibril alignment deviates from 
the fiber axis, and that the voids and pore system 
permit distribution of forces during unloading. The 
effects of spiral reversals in the fibril system of cot- 
ton have been stressed recently by Wakeham and 
Spicer [43]. 

The effects of molecular chain length have been 
deduced almost entirely from the results of hetero- 
geneous degradation studies, and as such may not 
give a valid picture of the relationships involved. 
Thus, Staudinger and Jurisch [37] report that the 
strength of cotton cellulose whose chain length has 
been reduced by oxidative and hydrolytic treatments 
decreases almost imperceptibly from DP 3000 to 
about DP 1000, then rapidly to about DP 200, below 
which it is lost entirely. Similar results were ob- 
served by Conrad et al. [3]. Regenerated celluloses 
go through similar changes in tenacity at the lower 
DP range, but do not display the prominent inter- 
mediate DP range where strength is only slightly 
affected. 

According to Sookne and Harris [35] little in- 
crease in the strength of cellulose acetate films occurs 
above DP 150. Flory [6] has shown that if the 
tensile strength data of and Harris are 
plotted against the reciprocal of the number average 
DP, a straight line results. Hermans [10, p. 491] 
also has demonstrated that the tenacity of viscose 
filaments produced under comparable conditions in- 
creases with DP of the cellulose. 


Sookne 


. 


The relation between DP and retention of strength 
of cotton and rayon tire cords subjected to heat de- 
gradation is shown in Figure 2. 


It is seen that the 
curves of cotton and rayon do not overlay, i.e., do not 
fall on different ends of the same curve. 

It has been shown by Conrad et al. [3] in a study 
of degradation of cotton tire cords by heat that as 
little as 0.3% of the total primary bonds between 
anhydroglucose units need be ruptured under typical 
degrading conditions for all sensible tenacity to be 
lost and that the residual strength is an exponential 
function of the number of bonds broken. Orr et al. 
[23] found a similar relationship for the strength of 
cotton yarns and fibers degraded by heat. 

The relation of strength to polymolecularity of 


cotton cellulose is quite unknown. It is often as- 
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sumed that high polydispersity is unfavorable to high 
strength, especially when considerable proportions of 
low polymeric components are present [15, 35]. 
However, Scherer and McNeer [28] recently have 
found contradictory results in the case of certain cel- 
lulose derivatives. 

Natural cross-linkage undoubtedly plays some 
part in cotton cellulose tenacity. In the crystalline 
regions the hydrogen bonding and van der Waals 
forces presumably are sufficient to prevent com- 
pletely any slippage of chains. However, due to the 
noncontinuous nature of the crystalline regions, tenac- 
ity must be principally dependent on primary valence 
bonds and on some cross-linkage existing in the 
amorphous areas. Additional cross-linking achieved 
by chemical modification usually causes severe re- 
duction of tenacity, probably because the cellulose 
chains are no longer free to move and thus to relieve 
imposed stress. This will be discussed further in 
connection with chemical modification. 

The effect of degree of crystallinity on tenacity 
has been mentioned above under cross-linking be- 
cause of the nature of the crystallizing forces in- 
volved. In cotton, these effects are not readily 
demonstrated and are largely deduced from theo- 
retical considerations. It was observed by Susich 
[38] that reduction of the crystallinity of a 20s 
(30 x 1 tex) cotton yarn from 90 to 30%, approxi- 
mately, by amine treatment resulted in an increase of 
14.7 to 15.3 
modification was unchanged. 


tenacity from g./tex. The crystal 
If crystalline regions 
are actually a discontinuous phase, it is quite possible 
that crystallinity has little or no effect on tensile 
strength. 

Orientation of crystallites is one of the more im- 
portant supermolecular factors in determining cotton 
fiber strength. The relationship between strength 
and orientation, in terms of X-ray angle, is shown in 
Figure 3, taken from a paper by Berkley et al. [1]. 
Similar results were observed by Rebenfeld and 
Virgin [26]. The low orientation in cotton as com- 
pared to many other cellulosic fibers is due prin- 
cipally to the spiral angle which the fibrils in cotton 
make with respect to the fiber axis. 

Little is known of the influence of crystal modifica- 
tion or crystallite size on tenacity as such. But the 
effects of these structural parameters, as well as 
degree of crystallinity and accessibility, appear im- 
portant in determining the rate of strength loss in 
degradation. It is a frequently observed phenomenon 
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that different celluloses exhibit varying rates of 
strength loss under similar conditions of degradation. 
A cellulose whose molecular chains are more ac- 
cessible to the attacking reagent will suffer more 
frequent chain scission. Thus, Conrad et al. [3] 
found that when cotton and rayon were heated for 
equivalent periods, only 0.12% of the links in cotton 
were destroyed, while 0.24% of those in rayon were 
broken. However, under these conditions, the cot- 
ton lost 30% of its strength and the rayon 40%. 
Sippel [32, 33], in considering the effects of photoly- 
sis on the strength of manmade polymers, also 
attacked this problem. He has shown that 
logarithm of the tenacity is linearly related to the 
reciprocal of the DP of the degraded polymer. It 
can be shown that the strength retained by a fiber 
element when a given fraction of the bonds has been 
broken is inversely proportional to the distance be- 
tween centers of regions of high lateral order. This 
may be expressed approximately by the following 
equation : 


has 
the 





TABLE I. Molecular Properties, Breaking Strength, and Distance L Between Crystallite Centers of 
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in which T and 7, are the tenacities at any given 
time and at zero time, respectively, B is the fraction 
of total bonds broken, and L is the average distance 


between crystallite centers. This equation may be 


tested empirically by noting strength losses at equiva- 
lent bond breakages for celluloses whose lateral order 
distribution is known. Table I presents strength and 
DP data on a number of cellulosic fibers which have 
been degraded by various means, together with values 
of L calculated from the above equation. 


The frac- 
tion of bonds broken, B, was calculated from the 
relation 


B=1/P, —1/P, 


where P, and P; are the DP of the original cellulose 
and the degraded cellulose respectively. 

Table I shows that the four fiber types examined 
fall into two groups. Cotton and ramie underwent 
strength losses of 25-50% when the fraction of bonds 
broken ranged from 0.06% to 0.10%. Mercerized 
cotton and viscose rayon, on the other hand, lost 


25-40% of their tenacity when 0.15-0.25% of their 


Celluloses Degraded in Various Ways 


Degree of 
polymerization 
(viscosity) 


Fiber and means 
of degradation 
Cotton fibers, 
hydrolyzed 
Same 
Same 


Cotton cord, 
hydrolyzed 

Same 

Same 


Cotton yarn, heated 
150—160° C. 

Same 

Same 


Ramie fibers, 
hydrolyzed 

Same 

Same 


Mercerized cotton, 
hydrolyzed 

Same 

Same 


Viscose filaments, 
hydrolyzed 

Same 

Same 


Bonds 
broken, 
% of original 


Approximate 
leveling-off 
DP by acid 
hydrolysis 


Breaking 
strength, 
% of original 


L, from 
equation 





0.000 
0.075 
0.100 


220 


0.000 
0.064 
0.074 


0.000 
0.060 
0.100 


0.000 
0.077 
0.098 


0.000 
0.159 
0.230 


0.000 
0.148 
0.255 
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bonds were broken. The calculated values of L are 
about 700 DP for cotton, 385 for ramie, and 200 for 
the cellulose II fibers. These results indicate that 
the frequency of successive regions of high lateral 
order is greatest for mercerized cotton and viscose. 
Table I also lists the approximate crystallite lengths 
derived from measurements of the “leveling-off DP” 
in acid hydrolysis. While the values of L differ from 
the crystallite lengths by factors of 2 or more, there 
is general parallelism between the results for each 
fiber type. 

Insofar as degradation affects loss of strength, it is 
obvious that a cellulose which has more frequent, i.e., 
small, regions of high lateral order will be superior 
to one which has relatively few, large crystallites. 
Mercerization of cotton apparently accomplishes this 
effect. However, the advantage is gained at a cost of 
increasing the rate of bond breakage significantly. 
How these two parameters of structure, accessibility 
and crystallite size, which are mutually opposed in 
this respect, may be controlled to best advantage is 
not yet known. 

Chemical modification of cotton appears to have 
diverse effects on tenacity. The esterification of cot- 
ton with acetic anhydride at lower degrees of sub- 
stitution lowers the tenacity of fibers and yarns. 
This effect is shown in Figure 4, where tenacity is 
plotted against acetyl content of partially acetylated 
cottons of three varieties. The loss of strength noted 
at low DS does not continue as acetylation proceeds, 
and at DS 1.0 and higher the trend is reversed. As 
Honold et al. [12] have shown, breaking strength 
increases above that of the unacetylated cotton at 
DS 1.5. The loss of strength at low DS may arise 
from several sources. Since moisture regain is re- 
duced as acetylation proceeds, the loss of tenacity 
noted may be similar to that observed when cotton 
is stressed in drier atmospheres. The effect of 
humidity on the strength of acetylated cotton is 
shown in Figure 5, where the tenacity of a cotton 
of DS 0.6 at 81% RH is higher than that at 65% 
RH and even equal to that of unacetylated cotton at 
65% RH. 


A second factor, according to Tripp et al. 
[41], which enters into consideration of the decrease 
of tenacity at low DS is the observed nonuniformity 
of extent of reaction at the fiber level. 
of composition of the partial esters formed would 
lead to poor stress distribution and lower breaking 


Inequalities 


strength. An additional point which deserves men- 


tion in connection with the effects of derivative 


409 


formation on strength is the reduction of the number 
of regions of inherently poor stress distribution by 
swelling during reaction. Another consideration of 
importance is the distribution of the substituent 
groups in the derivative. As Reeves et al. [27] have 
shown, methylation with ethereal diazomethane and 
with dimethyl sulfate gives products of widely differ- 
ing mechanical properties at equivalent DS. 

The impregnation and curing of cotton with mela- 
mine-formaldehyde resin-forming agents improve its 


Degree of Substitution 
0.5 1.0 


Bundie Tenacity Retained, (%) 


1] 10 15 20 25 
Acetyl Content , (%) 
ig. 4. Relation of fiber bundle tenacity to acetyl content of 
partially acetylated cottons of three varieties. 
Degree of Substitution 
0.5 1.0 


Tenacity , (gm. /tex) 


Bundle 


5 10 15 20 25 
Acety! Content , (%) 


Fig. 5. The relation of bundle tenacity to acetyl content oi 
partially acetylated cottons at two moisture conditions. 
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dimensional stability markedly. It is generally be- 
lieved that the cellulose chains in regions of low 
lateral order are cross-linked through the resin mole- 
cule in these treatments. The resulting effects on 
the tenacity are striking and serve to throw light on 
the behavior of fibers in tension. Table II presents 
observations on the strength and tenacity of yarns 
and fiber bundles impregnated with such a resin and 
the effect of resin removal on this property. Severe 
reduction in the strength of yarns and fibers is noted 
when the resin is applied to cotton in the relaxed 
state. When applied under tension, however, sig- 


nificant increases in breaking strength are obtained. 
Of particular interest is the observed restoration of 
tenacity when the melamine-formaldehyde phase is 
removed by stripping the fibers with dilute phosphoric 
acid. This observation indicates that the strength 
loss on impregnation of relaxed fibers had its origin 








TABLE II. Effects of Melamine-Type Resin Impregnation 
on Mechanical Strength of Cotton Yarns and Fibers 


Breaking ioad 
or tenacity, 


Sample and treatment % of control 





14s/3 (42 X 3 tex) Yarn, untreated 100 
Resin-treated, slack 23 
Control, wet-stretched * 119 
Resin-treated with tension 129 
Control, mercerized with tension 149 
Mercerized and resin-treated with tension 178 
16s/2 (37 X 2 tex) Yarn, resin-treated, slack 53 
Same, resin stripped* 87 
Fiber bundle, resin-treated, slack 27 
Same, stripped 84 


* Resin removed by treatment with 1.5% phosphoric acid 
containing 5% urea for 1 hr. at 80°C. All re.in-treated 
specimens had approximately 10% add-on (dry weight) of 
resin. 





TABLE Ill. Average Elongation of Textile Fibers 
According to Meredith [19] 


Elongation, 
Fiber % 





Cotton 

Flax 

Hemp 

Jute 

Ramie 
Viscose rayon 
Stretched rayon 
Acetate 

Silk 

Nylon 

Wool 

Casein 
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in mechanical sources rather than degradation ac- 
companying curing of the resin with acid catalysis. 
The retention of strength when resin cross-links 
are introduced with the fiber in tension is also sig- 
nificant. Immobilization of the structural elements 
in their positions when the fiber is relaxed un- 


doubtedly places a severe restriction on their ability 


to shift and distribute imposed stresses. In tension, 
the elements have already moved to positions they 
would occupy in the stressed state, and in this condi- 
tion any added strength which the resin component 
may lend due to cross-linking can be fully realized. 


Elongation 


This is a property of textile fibers which is easily 
and commonly measured. Elongation represents the 
extension of a material when stressed to the point of 
rupture. Although it may be expressed in absolute 
units it is commonly expressed as a fraction of the 
unstressed length. The elongation of cotton is high 
among the natural cellulosic fibers, being on the 
average, according to Meredith [19], nearly twice 
that of its nearest competitor, ramie. The average 
values given by Meredith are shown in Table III. 
Only silk and wool, of the natural textile fibers, 
exceed cotton in elongation. On the other hand, 
most of the regenerated fibers show high ultimate 
elongation. In the case of cotton the relatively high 
elongation is believed to be associated with the spiral 
arrangement of the fibrils, which is essentially absent 
in the other cellulosic fibers. 

The relation of elongation to DP in cotton and 
rayon tire cords degraded by heat [3] is presented 
in Figure 6. It is evident that as degradation of the 
cotton cord proceeds, elongation increases slightly 
and then decreases rapidly at the lower end. This 
is even more emphasized in the rayon cord. The 
point of intersection of the curves with the DP axis 
is not zero, but somewhere in the region of 100- 
300 DP. 

The slight increase in elongation at the early stages 
of degradation has been noted before [3] and is 
thought to be associated with chain breakage in the 
amorphous regions, accompanied by relief of stress 
on some of the cellulose chains. 

From the standpoint of the relation of polymolecu- 
larity to elongation, very little is reported in the 
literature. Sookne and Harris [35] noted some 
tendency of very short chains, introduced into cellu- 
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lose acetate films, to reduce elongation. On the 
other hand, Scherer and coworkers [28, 29] found 
surprisingly little effect of polymolecularity on the 
elongation of cellulose nitrate or ethyl cellulose films, 
provided the average DP was above a certain mini- 
mum (100-200 DP). There was some increase of 
elongation with increase in sharpness of the distribu- 
tion curve at all ranges of DP. 

Cross-linking can only be expected to restrict 
elongation ; this expectation is borne out in fact, as is 
indicated by results of Cameron and Morton [2], 
among many. 

Since crystallinity may be interpreted as a type of 
cross-linking by hydrogen bonds and van der Waals 
forces, we may justly expect that cellulosic fibers 
with higher crystallinity may have lower elongation 
and vice versa. This is confirmed by observations of 
Segal et al. [31] on the effect of reduction of crystal- 
linity of cotton. Also, Susich [38] observed that 
elongation at break of 20s/1 (30 x1 tex) cotton 
yarn was increased 90% (from 9.1 to 17.3%) as the 
crystallinity decreased from 90 to 30%. 

No satisfactory information is available on the 
effects of crystal modification or crystallite size on 
elongation. However, Hertel and Craven [11] as 
well as Rebenfeld and Virgin [26] have demon- 
strated amply that elongation increases as axial 
orientation decreases. 

The effect of partial chemical modification of cot- 
ton cellulose on ultimate elongation is shown in 


Figure 7. The increase in elongation due to acetyla- 
tion is taken from Honold et al. [12] and that due to 


carboxymethylation from Daul et al. [5]. These 


treatments both bring about increases of elongation 


3000 = 4000 


0. P. 


Fig. 6. Relation of elongation to DP of cotton and rayon 
tire cord degraded by heat. 
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at break, due probably to decrease of rigidity and 
relaxation of chemically modified cellulose chains. 
In the case of carboxymethylation, reaction condi- 
tions involving mercerization of the cellulose un- 
doubtedly are responsible for the effect. 


Stiffness 


Stiffness may be defined as resistance to deforma- 
tion, and for textiles is commonly defined as ratio of 
breaking stress to breaking strain. It is also referred 
to as secant modulus. The stiffness of cotton, like 
that of other cellulosic fibers, is relatively high among 
the textile fibers. According to Smith [34] the 
average stiffness of cotton in grams/tex is 570, 
compared with glass at 2900, flax at 2700, ramie at 
1670, high tenacity viscose at 230, silk at 150, acetate 
at 50, and wool at 40. Factors involved in the stiff- 
ness of cotton are the molecular weight, the natural 
rigidity of the cellulose molecule, the high degree of 
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Fig. 7. Relation of elongation at break of partially acety- 
lated and partially carboxymethylated cotton to degree of 
substitution. 
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Fig. 8. Relation of stiffness of cotton and rayon tire cord to 
DP in heat degradation. 
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crystallinity conditioned by hydrogen bonding and 
van der Waals forces, and the orientation of the cel- 
lulose chains. 

The relation of stiffness of cotton and rayon tire 
cord to molecular weight is shown in Figure 8. The 
change in DP was brought about by heat degradation. 

The relation of X-ray angle to stiffness of cotton 
has been demonstrated recently by Rebenfeld and 
Virgin [26]. Tension applied to cotton while in a 
swollen state can improve the orientation and pre- 
sumably the hydrogen bonding in the amorphous re- 
gions. The changes in stiffness (secant modulus) 
accompanying the treatments which affect the lateral 
order of the cotton cellulose (Table IV) reflect the 
trends noted for elongation. The amine-decrystal- 
lized and slack mercerized yarns have lower slcpes 
in their load—-elongation curves than the untreated 
cottons, while mercerization at normal length pro- 
duces a significantly stiffer yarn. 

In the case of chemical modification by acetylation, 





TABLE IV. Relation of Stiffness of 16s/2 (37 x 2 tex) 
Cotton Yarns to Crystallinity and 
Type of Treatment 


Approximate 
degree of 
crystallinity,* 
Treatment % 


Secant 
modulus, 
g./tex 





Untreated 170 
Scoured 170 
Ethylamine, no tension 120 
Ethylamine, boiled in water 1 hr. 120 
Slack mercerized 80 
Mercerized at normal length 280 
Cellulose III slack (20s/1 yan) 110 


* Estimated from acid hydrolysis rate measurements. 





TABLE V. Effect of Chemical Modification on Stiffness 
(Secant Modulus) of Cotton Fibers 


Stone- 
ville Delta- 
2B, SXP, Rowden pine, 


Treatment g./tex g./tex g./tex g./tex 





None (control) 
Mercerized, relaxed 
Mercerized, restrained 
Decrystallized, relaxed 
Decrystallized, restrained 
Carboxymethylated (DS0.1), 
restrained 
Aminized (DS 0.04), 
relaxed and stretched 
Acetylated (DS 1.2), 
restrained 560 


440 
220 
460 
300 
480 


430 350 
230 — 

510 430 
330 280 
450 360 


360 
230 
450 
280 
380 
470 470 


380 420 


560 440 370 440 


440 
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extensibility decreases more rapidly than tenacity in 
the lower DS range, so that average stiffness in- 
creases up to 20% or more and a noticeable harsh- 
ness of hand of the fabrics occurs. The effect of 
certain chemical modifications on the stiffness of 
cotton fibers is shown in Table V [7]. It is seen 
that large relative changes are produced by the vari- 
ous treatments. 


Toughness 


Toughness represents the ability of a material to 
absorb work. It is also called work of rupture, 
energy to break, etc., and may be measured by the 
area under a stress-strain curve carried to rupture. 
More frequently, toughness is computed as one-half 
of the product of the stress by the strain at rupture 
on the premise that the curve is sufficiently well 
represented by a straight line. This is roughly true 
for cotton. This property is important in many 
mechanical fabric applications. In cords for rein- 
forcing automobile tires, high toughness may be 
thought of as a margin of safety against sudden 
thrusts or large impacts when a tire climbs a high 
curb or passes over large sharp objects. 

Cotton stands relatively high among natural cel- 
lulosic fibers in toughness but is inferior to most 
regenerated fibers and to silk and wool. This can 
be seen in Table VI, which is taken from an investi- 
gation by Meredith |19]. Toughness is closely re- 
lated to DP, as can be seen in Figure 9, representing 
cotton and rayon tire cord degraded by heat. Work 
of rupture rises slightly at first and then falls off 
almost linearly as elongation and strength are lost. 

The influence of the different supermolecular struc- 
tural factors is still inadequately understood. Poly- 





TABLE VI. Average Work of Rupture of Textile Fibers 
According to Meredith [19] 


Work of rupture, 
gm. cm./tex 


Fiber 





Cotton 

Flax 

Hemp 

Jute 

Ramie 
Viscose rayon 
Stretched rayon 
Acetate 

Silk 

Nylon 

Wool 

Casein 
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molecularity can lead to increased complexity of the 
manifold relaxation processes. Cross-linkage pre- 
sumably opposes secondary creep and improves 
elastic recovery. Although cotton cellulose has a 
large component of crystalline cellulose it does not, as 
outlined by Mark and Press [17], show the short 
range elongation and instantaneous recovery of crys- 
talline materials within their elastic limits. Rather, 
it displays a certain amount of instantaneous crystal- 
line recovery, superimposed on a certain proportion 
of long range primary and secondary creep. All of 
this elongation, coupled with intermolecular forces of 
considerable magnitude, contributes improved tough- 
ness. The improvement in toughness of 20s/1 
(30 x 1 tex) cotton yarn brought about by ethyl- 
amine and hexylamine “decrystallization” is shown 
in Table VII, computed from data of Segal et al. 
{31}. 
largely to increased elongation, the strength decreas- 
ing only slightly. 


The 156% improvement is seen to be due 


Presumably much longer segments 
of cellulose chains are available for extension after 
the ethylamine and combined ethylamine and hexyl- 
amine treatments. Susich [38] observed similar im- 
provements in work of rupture due to ethylamine 
decrystallization of 20s/1 (30 x1 tex) cotton yarn. 

Increase of orientation normally brings about in- 
creased tenacity and reduced elongation. Changes in 
toughness as a result of chemical modification will, 
of course, depend on the concomitant effects on 
tenacity and elongation. Acetylation, for example, 
which reduces both of these properties in the lower 
ranges of substitution, gives increased toughness at 
higher DS [12]. 
swelling of the fiber, such as carboxymethylation 
[5], improve the toughness of cotton through gains 
in tenacity, elongation, or both properties. 


Similarly, reactions which involve 


In all of the foregoing discussion elongation, or 
strain, has been considered without any implications 
as to tendency to recover. In the discussion which 
follows attention will now be directed to mechanical 


behavior involving recovery from strain. 


Elasticity 

The ability to recover from deformation is one of 
Elasticity 
provides the stability needed to maintain the size and 


the most important properties of textiles. 


shape of clothing and to retain the dimensions of 
mechanical fabrics. It represents the ability of a 
material to return to its original dimensions after 
removal of an applied stress, and is always time- 
dependent. In textile usage it may refer to recovery 
from tensile stress or from bending (crease re- 
covery). Elasticity is normally divided into three 
classes: (1) immediate elastic recovery, (2) delayed 
elastic recovery, or primary creep, and (3) nonre- 
coverable elongation, or secondary creep. 

Elasticity of textiles varies with the stress or strain 
imposed. Consequently, to understand elastic be- 
havior it is advantageous to express elastic recovery 
in terms of the stress. This has been done in Figure 
10, taken from a study by Meredith [20]. It is seen 
that with stress up to 50 g./tex flax has the greatest 
elasticity, ramie next, and cotton least. Furthermore, 
cotton would not support 50 g./tex. 

Elasticity also may be expressed as a function of 
strain, as has been done for the same measurements 


[20] in Figure 11. This plot gives us quite a differ- 
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Fig. 9. 


Relation of work of rupture to DP of cotton and 
rayon cellulose in tire cords degraded by heat. 





TABLE VII. Improvement in Toughness Associated with Ethylamine ‘‘Decrystallization” of 20s/1 
(30 X 1 tex) Cotton Yarn 


Crystallinity, 


Treatment % 


Bleached and scoured, control 89 
Ethylamine, no tension 38 
Ethylamine, plus hexylamine, no tension 46 
Same as above, then in boiling water 2 hr. 52 


Toughness 
Tenacity, Elongation, g.cm. 
g./tex cm./cm. 


17.0 
16.0 
15.0 
15.0 


tex cm. 
0.50 
1.06 
1.28 
1.07 


0.058 
133 
171 
.143 
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ent picture. Now it is seen that for a given strain 
the elasticity of cotton exceeds that of flax and 
ramie. Actually it was possible to measure recovery 
after twice as great strain in cotton as in flax and 
ramie. 

As has been ably discussed by Mark and Press 
[17], the forces which cause retraction of elongation 
of linear high polymers are at least four in number. 
Primary covalent bonds, hydrogen bridges, and van 
der Waats bonds permit only small extensions (0.1- 
1.5%) but impart immediate elastic recovery within 
the range of the elastic limit. On the other hand, 
kinetic elasticity of flexible long chain amorphous 
molecules involves large extension (up to 1000%) 
and induces delayed recovery. 

In the release of stress of a textile material, nor- 
mally all types of retractive forces operate simultane- 
ously. Primary, hydrogen, and van der Waals bonds 
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Fig. 10. Relation of elastic recovery of samples of flax, 
ramie, and cotton after different degrees of stress (Meredith 


[20}). 


Fig. 11. Relation of elastic recovery of samples of flax, 
ramie, and cotton after different degrees of stress (Meredith 


[20}). 
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retract instantaneously and give rise to immediate 
elastic recovery. The mechanism of elasticity due 
to hydrogen bonding in the amorphous regions has 
been discussed recently by Nissan [22]. On the 
other hand, segments of cellulose chains of a range 
of magnitudes will have moved from their original 
equilibrium position a greater or lesser distance de- 
pending on their individual masses, their relaxation 
times, the period and magnitude of the stress, etc. A 
certain number of weak bonds in the amorphous 
regions will be broken and new ones will be estab- 
lished in the stressed state. Upon release of the 
stress, retraction will set in, and movement of many 
of the chain segments will proceed at similar rates 
in the opposite direction depending on their mass, 
activation energy, entropy, etc. However, this slow 
or delayed recovery will be incomplete to the extent 
that many segments will be moved far enough that 
the restoring forces never exceed the forces tending 
to hold them in the new positions. 

With the above considerations, what may we ex- 
pect from the various elements of our supermolecular 
structure? There is little or no information as far 
as molecular chain length is concerned. However, 
when a certain necessary minimum length has been 
exceeded, we should expect little effect. Because of 
the high crystallinity in cellulose fibers (particularly 
flax and ramie), the long chains may be considered 
as extending through many crystalline areas, and are 
thus much longer than necessary for maximum ef- 
fect. Swanson and Williams [40] concluded that 
low molecular weight additions to cellulose acetate 
improved the recoverable elongation and reduced the 
permanent set. Therefore, neither chain length nor 
polymolecularity may be an important factor in 
elasticity of native fibers, except in seriously degraded 
samples where many breaks occur between crystal- 
lites. On the other hand, by introduction of cross- 
links into the amorphous regions of rayon, molecular 
flow is prevented and elastic recovery can be in- 
creased greatly. Thus Gruntfest and Gagliardi [9] 
could increase elastic recovery of rayon yarn from 
20% (control) to 95% and the wrinkle recovery of 
cotton sheeting from 51% (control) to 87%. 

While crystallinity of cotton cellulose must con- 
tribute to the small (<1.5%) immediate elastic re- 
covery, normally it does not vary greatly in cotton, 
and its effect is greatly masked. On the other hand, 
Susich [38] showed that in terms of absolute values 
ethylamine decrystallization of 20s/1 (30 x 1 tex) 
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cotton yarn increased the immediate elastic recovery 
from 1.2 to 1.5% and the delayed elastic recovery 
from 2.5 to 2.8%. The permanent set was increased 
from 5.4 to 13.0% under the conditions used, thus 
indicating that a large proportion of the increased 
elongation imparted by decrystallization was not 
useful for improving the elastic recovery. Pertinent 
recovery data for 16s/2 (37 X2 tex) cotton yarns 
treated to reduce their crystallinity or change their 
crystalline modification are presented in Table VIII. 
The total recovery of amine-decrystallized and mer- 
cerized yarns treated in the slack condition is sig- 
nificantly higher than the control, when measured 
after stretching to 2% At 50% of the break- 
When 
treated under conditions of restraint, the yarns 
achieved no change in relative recovery. 


strain. 
ing strain, however, the reverse is true. 


Mauvisseau 
[18] has concluded that fatigue resistance of re- 
generated cellulose fibers is improved by having as 
large a portion of the cellulose as possible in the 
amorphous state. 

The effects on elasticity of crystal modification and 
crystallite size are completely unknown. Also, very 
few results seem to be recorded on the relation of 
elasticity to orientation in cotton fibers, although 
Mauvisseau [18] recommends high orientation to 
improve fatigue resistance of regenerated celluloses. 
Kumm [13] found in polyacrylic fibers stretched at 
160° C. that elastic recovery increased with degree 
of stretching (orientation) as follows: 


Stretching ratio 1:3.11:401:601: 


51.1 63.0 


6 
4 


7 
75.0 82. 


Elastic recovery, % 


In view of the large variation of orientation in 
cotton, this relationship may be very important and 
should be studied. 

There are no data on relation of elasticity to ac- 
cessibility, although the effects of accessibility should 
largely parallel those of crystallinity. So far as is 
known, no studies have been made of the relation of 
elasticity to partial chemical modification of cotton 
cellulose. 


Resilience 


Resilience refers to the ability to absorb work 
without suffering permanent deformation. In tex- 
tiles it is commonly measured as the ratio of the 
work recovered to the work expended at any stress 
below rupture. Resilience involves no new factors 


from those already discussed other than use of 


TABLE VIII. Recovery Properties of 16s/2 
(37 X 2 tex) Cotton Yarns 


Sum of immediate and 
delayed elastic recovery’, 
%, at strains of 





50% of 


Treatment ultimate 


Untreated 67 
Decrystallized slackt 58 
Decrystallized restrainedt : 66 
Mercerized slack : 42 
Mercerized restrained 69 


* Yarns allowed to relax for 1 hr.; % of total strain. 
+ By treatment with ethylamine. 


integrated areas beneath the stress—strain curve, not 
carried to rupture. It is assumed for actual energy 
computations that both stress and strain are ex- 
pressed in absolute units. The recovery curve, of 
course, does not follow the initial curve. The energy 
recovered is usually expressed as a percentage of the 
energy expended. Like elasticity, resilience is time- 
dependent and can be divided into immediate elastic 
recovery, delayed elastic recovery, and permanent 
set. A thorough discussion of methods of dealing 
with such measurements has been published by 
Susich and Backer [39]. Resilience has some ad- 
vantage over elasticity alone since both strain and 
stress are considered simultaneously. 

Since resilience is a resultant of both stress and’ 
strain, it may be considered to entail a complex 
combination of the same effects of supermolecular 
structure which influence elasticity. The resilience 
of heat degraded cotton and rayon tire cords in the 
previously mentioned study by Tripp, Mares, and 
Conrad [42], when measured at 50% of the residual 
tenacity of the degraded sample, appeared to be un- 
affected by degradation over the range observed. 
Little or nothing is known about the effects of poly- 
molecularity on resilience. 

Since crystallinity in cellulose is a cross-linking 
mechanism, it serves to increase stiffness and prevent 
long range flow. The elasticity per unit stress may 
be expected to go up as crystallinity increases. This 
appears to be exemplified in Figure 10, where de- 
creasing elasticity seems to be in the order of de- 
creasing crystallinity of flax, ramie, and cotton. At 
the same time the elasticity per unit of strain de- 
creases in the inverse order, as shown in Figure 11. 


Therefore, the total expended and recovered energy 
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may be higher, the same, or even lower as crystal- 
linity increases. Mark [16] emphasizes the need of 
occasional “fix points” but great localized mobility, 
i.e., low crystallinity or low intermolecular attraction 
in localized areas, as a basis for high resilience. The 
introduction of artificial cross-links may be expected 
to improve the resilience, provided they do not 
impede the localized mobility too much, i.e., Mark’s 
“Micro-Brownian Motion.” 

Little or nothing is known about the effects of 
crystallite type or orientation, although it may be 
anticipated that resilience will increase as orientation 
increases. This should follow from the greater op- 
portunity for anchor points along the chains and con- 
sequent less slippage of molecular chains on one 
another. Similarly, very little is known about the 
effects of crystallite size or degree and type of chemi- 
cal modification. Rich opportunities for profitable 
research are open here for the scientist who will give 
of his time and effort. 

Obviously, it has not been possible within the 
narrow confines of the present report to cover many 
aspects of the mechanical behavior of textiles. Only 
the high points, the scope of the subject, have been 
indicated. Many other aspects of mechanical be- 
havior are of great interest to the advanced textile 
technologist together with corresponding interpreta- 
tions in terms of supermolecular structure and 
mechanism. 
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Changes in the Weight Distribution of Fiber 
Lengths of Cotton as a Result of Random 
Fiber Breakage’ 


W. J. Byatt? and J. P. Elting 


Kendall Company Research Laboratories, Paw Creek, North Carolina 


Abstract 


An integro-differential equation is derived; it describes the time rate of change of 


the weight distribution of lengths for cotton fibers. 
Comparison between theory and experiment is made. 


Introduction 


This note discusses changes which occur in the 
weight distribution of cotton fiber lengths as a con- 
sequence of random fiber breakage. The changes 
considered are those which can be produced by 
microbial deterioration or by the action of saws, as 
in ginning. A discussion of these questions may be 
found in the literature [2, 4, 5, 7, 9, 10]. ‘The 
mathematical representation derived should be ap- 
plicable in all instances where the causal agent 
produces a random collection of weakened or rup- 
tured spots. In this treatment, a weight rather 
than a number distribution is used, since the total 
weight remains constant in the process, while the 
number of fibers increases if breakage occurs. 

An integro-differential equation governing the 
change in the weight distribution function (WDF) 
is developed and a solution given. Examples are 
presented which compare theory with experiment. 


1 Presented at the spring meeting of The Fiber Society, 
Clemson, S. C., May 1, 1958. 

?On leave of absence from the Physics Department, Uni- 
versity of Mississippi, University, Mississippi. 


A solution to the equation is found. 
Agreement is satisfactory. 


Evidence is found in the examples shown, assuming 
an average fiber length of 1 in., that one or two in 
every ten fibers is broken. 


Development of Equation 


Designate a weight—length distribution function 
as of a particular time by W (i,t). Such a function 
can change with time in two ways. Its value for 
some particular length can decrease due to fibers 
of that length being broken into shorter segments. 
Its value can increase for the same length interval 
if fibers of length /’ > ] are broken such that some 
of the resulting segments are of length /. The 
change in the (WDF) in time Af can then be 
written 


W(l,t + AthAl = W(il, Al — f(Woa) + g(Win) (1) 


where g(W;,) and f(Wou) are the weights into and 
out of the interval A/ about /, respectively, in time 
At. To find the function f(W.u), assume that the 
weight decaying out of A/ about / is proportional 
to the weight initially present. Take the constant 
of proportionality to be the probability that a fiber 
of length / will decay in time At. Thus 





f(Wour) = WU, t)Al(RiAt) (2) 


The constant & is the number of decay (or rupture) 
events per unit length per unit time due to some 
arbitrary external cause. For g(Wi,), analogous 
to Equation 2, write 


g(Win) = f Wil’, t)p(l’ 1, At)dl’ (3) 
I 

where W(/', t), the weight of fibers of length /’, is 
multiplied by the probability that a fiber of length 
l’ will break such that one of its segments will 
fall into Al about /; since this process can occur 
for all /’ > 1, the sum over /’ must be taken. For 
p(l' — 1, At), assume the following holds: 


p(l’ 1, At) = (Rl’At)(Al/I’) (4) 


The term &/’At is the probability that a fiber of 
length /’ will break in time At. The second term 
is the independent probability that if the first 
occurs, one of the resulting segments will be in A/ 
about /. Using Equations 2, 3, and 4, Equation 1 
becomes 


W(l,t + At) Al = W(l, t)Al — RiW (I, t) AlAt 


+ kalat f W(l', t)dl’ (5) 
l 


Note that as At — 0, Equation 5 is identically satis- 
fied. On transposing W (I, t) Al, dividing by Al, and 
passing to the limit At — 0, there results 

oW(l,t) _ 


— RIW(I, t) + ef Wil, tdi’ (6) 
at 


This is the basic integro-differential equation gov- 
erning the change in the weight distribution function 
with time. Equation 6 is, in a sense, a linearized 
Boltzmann transport equation. It is capable of 
describing phenomena involving changes in distri- 
bution functions of widely divergent kinds. Thus, 
for example, Thompson and Holmes [8] have used 
an equation similar to Equation 6 in a discussion of 
neutron irradiation effects on the distribution of 
pinned lengths in copper crystals. 

To solve Equation 6, assume that W (i,t) has a 
Laplace transform with respect to ¢. If it be de- 
noted by ¢(/, s), the transformed equation is 


(s + RDO(I, s) = W(I,0) +k f o(l’, s)dl’ 
i 


Differentiating both sides of this equation with 
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respect to / and multiplying each term by (s + &i/) 
produces 


a : ii aW (i, 0) 
5 Ls + kd)*o(l, s)] = (s + Rl) 


On integrating over /, the result is 


= (s + ki’) aW(l’, 0) 


(s+ki? al’ 


¢(l,s) = — 


where a constant of integration has been put equal 
to zero. The inverse Laplace transform of the last 
equation is 


Wil,t) = — vag | C1 + ee’ —D] 
i 


awl’, 0) 


ar’ dl’ (7) 


Integrating Equation 7 as it stands, one finds 


W(i, t) = ea, + uf Wil’, onde (8) 
t 


where » = &t is a constant having the dimension of 
a reciprocal length. If Equation 8 is to be inter- 
preted as a fractional weight distribution for finite 
length intervals, it will be properly normalized when 
the second term within the brackets on the right 
hand side is multiplied by interval width. 

It is often convenient to have an analytical rep- 
resentation for W(/,0). It turns out that in all 
cases thus far examined in these laboratories a 
sufficiently accurate (+0.02 of total area) represen- 
tation of W(/, 0) is given by a series of normalized 
Gaussian curves; i.e., 


wil,0) => A 


o—(I—1,)2 /2 
k V2r0; 


(9) 


If Equation 9 is substituted into Equation 8, the 
result is 


Wil, t) = eal W (i, 0) 


+pEa(1— «(4G 4))} ao 
k Ck 


ib) z 
x2 edt; the function 
x Jo 


The notation erf (x) = 


is tabulated [3]. The normalization of this -ex- 
pression already is accomplished. 
The magnitude of the essential parameter yu can 


be estimated in the following manner. Calculate 
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the average length at time ¢, denoted by I(t). It is 


given by 


l(t) - f IW (I, t)dl 
0 


where, for example, W (i, t) is given by Equation 8. 
The result of carrying out the indicated integra- 


tions is 
— ew 
dl 


Thus, the average length at time ¢ is the average of 


l(t) = (11) 


1 — ee i ae - 
A to | over the initial distribution. If ul <1, 
ue 


the exponential under the integral sign can be ap- 
proximated by e*' = 1 — wi + p*P/2 + ---; the 


result is 
\W) = + [100 Bil 7@ 
u 2 


The value for uw is then given, in first approxima- 
tion, by 


» = 2[1(0) — lV FO) (12) 


The quality 7(0) is related to /(0)* and ¢, the stand- 
ard deviation of the array, by 
(CV)l(0) = VF(0) — 10)? 


c= 


(13) 
where CV is the coefficient of variation of W(J, 0). 


Comparison of Theory with Experiment 


The assumptions regarding probability of fiber 
damage made above are (1) there is equal proba- 
bility for the decay to occur at any point along the 
fiber length; (2) the probability of fiber decay is 
directly proportional to the first power of fiber 
length; (3) the probability of one break per fiber 
in time Af is much greater than the probability of 
two or more breaks per fiber in time At. These 
assumptions led to a simple picture of the change 
in the WDF in time. The shortcomings of such a 
simple theory are readily apparent. Nonetheless, 
they lead to a theory which accounts for the general 
trend of fiber degradation adequately. 

Examples are presented in this section of the 
change in the WDF of so-called cavitomic cotton, 
and a comparison between hand pulled and saw 
ginned cotton is made. Both Equations 8 and 10 
will be employed to estimate the W(i, #), given the 
initial distribution and a value of the parameter yu. 
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TABLE I. Experimental and Theoretical Weight Distribution 
for Cotton ADOC 672 on November 28, 1955 
and August 20, 1956 


Fractional weight per interval 





Observed 
November 
1955 


Length 
units of 
V¢ in. 


Observed Predicted W (i,t) 
August ---- = 
1956 w=0.12 »w=0.20 


| 


0071 
.0102 
.0248 
.0253 
.0288 
.0368 
.0749 
1153 
1973 
.2668 
.1693 
0412 
.0022 


.0040 
.0129 
.0379 
.0365 
0445 
.0735 
.0837 
.1332 
.2263 
.2027 

1069 
0379 


.0220 
.0246 
.0378 
.0373 
.0395 
0459 
.0788 
1120 
.1800 
.2350 
.1447 
.0346 


0314 
0314 
.0458 
0455 
.0460 
.0510 
.0805 
.1098 
.1694 
.2150 
.1310 
.0314 


eee ee ee 
| | | | | | 
CeOnawnk wre | 


Qo 


9-10 
10-11 
11-12 
12-13 


Mean length 04 .97 
Upper quar. ‘ .23 
CV 


The first example is typical of a cavitomic cotton. 
Fiber arrays* made in November 1955 and August 
1956 furnished the data of Tabie I. 

In Table I there are also two columns giving com- 
puted values of W(/,t) for the values of u shown 
thereon. The first value of » was computed from 
Equations 12 and 13. It turns out that this method 
usually underestimates y, so that there is included 
a histogram for the value « = 0.2. Generally, the 
agreement between theory and the experimentally 
determined histogram is fair. The value » = 0.12 
yields better agreement at small /, while the larger 
value of « makes the agreement better at large /. 

The second and third examples employ the ana- 
lytical representation (Equation 10) to W{(i, #). 
The first of these examples is again of a cavitomic 
cotton. An equation of the form of Equation 9, 
namely 


Wi, 0) = 0.212 ¢ 12.2(1—1 04)? ~ 0.035 e-" 8(i— .6)? (14) 


fits the initial histogram adequately. This corre- 
sponds to constants A, = 0.1076, ¢,; = 0.202; A: = 
0.0173; a2 = 0.1975. Notethat A; + A: => 0.125, 
the length of the interval (in inches) on which the 
histogram is plotted. In Figure 1, the initial and 
final histograms, the smooth curve given by Equation 


3 All experimental data used herein were furnished us by 
the USDA Fiber and Spinning Laboratory, Clernson, South 
Carolina. 
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14 above and two curves W(l,?) for the assumed 
values of » shown thereon are plotted. Again, note 
that the smaller value of u results in better agree- 
ment at low values of the length, while the higher 
value of » causes the upper end of the histogram 
to be in better agreement. 

The final example concerns a cotton which was 
treated as follows. One sample of this cotton was 
pulled by hand from the seed and arrayed. The 
second and third samples from the same cotton 
were ginned in saw and roller gins respectively and 
then arrayed. The roller gin operates in a manner 
such that the first and second assumptions listed 
above do not apply. Actual computations involv- 
ing the roller gin distribution functions showed 


se ape r wo 2 
T tr Oe ~~ 
Length in eignths of inches 


—— 
[ a =i —_ 





Fractional Wt Distribution 


hints i — ee 
6 8 Le) a 


Length in tenths of inches 


Fig. 1. The dotted line whose segments are of equal length 
is a plot of the empirical Equation 14. The remaining two 
curves were plotted from Equation 10; the values of the 
parameter uw are » = 0.10 (in.)~' for the broken line and » = 
0.2 (in.)~! for the solid line. 


. Length in eighths of inches 
; ede 


4—__¢_9 "9 # 





| 
| 
| 
| 


8 


Fractional We. Distribution 
a 


a 2” 77 #4 
Length in tenths of inches 


Fig. 2. The smooth solid line is an empirical fit to the hand 
pulled WDF;; its equation is given by Equation 9, with the 
constants having the values shown in Equation 15. The 
dotted line is the predicted distribution, to be compared with 
the observed distribution given by the histogram whose line 
is also broken. The value of the parameter u is 0.15. 


TEXTILE RESEARCH JOURNAL 


large deviations between theory and experiment. 
In Figure 2 the hand pulled and saw ginned histo- 
grams are plotted ; the smooth curve superimposed 
on the hand pulled histogram is of the form of 
Equation 9 and has constants 


A, = 0.019 1, =0.70 o; = 0.252 
Az = 0.089 ly = 1.25 o2 = 0.129} (15) 
A; = 0.0140 J; = 1.00 o; = 0.112 


The curve W (I, t) found from Equation 10 is plotted 
in Figure 2 for a value u = 0.15. The agreement 
between the saw ginned histogram and W (I, t) is 
good. 


Discussion and Conclusions 


To find W(i, t) it has been shown that it is nec- 
essary to know the parameter wu. According to the 
assumptions made in developing the theory, u should 
be a constant. The examples above show that u 
cannot be a constant if agreement with experiment 
is to be obtained over the entire range of lengths. 
As the length increases, u increases, according to 
the examples mentioned above. This contradic- 
tion must be regarded as evidence of a defect in the 
linear theory developed, although the loss of short 
fibers when arraying or ginning may be adduced as 
a cause. 

Attempts have been made to incorporate assump- 
tions different from the first two above. For ex- 
ample, it is natural to assume, in view of the 
dependence of uw on length, that the probability of 
decay of a fiber of length / is proportional to /* 





} 
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Fractional Wt. Pistribution 


° 








Fig. 3. This illustrates the behavior of the solution (Equa- 
tion 10) as the value of the parameter uw increases. Curve A 
is an assumed fit to the histogram shown. Curves B, C, and 
D were computed from Equation 10, using values of u» equal 
to 0.10, 0.40, and 1.0, respectively. 
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where p is a number greater than unity, and not 
necessarily an integer. This leads to serious mathe- 
matical difficulties when one attempts to take an 
inverse Laplace transform. 

The assumption that the probability of decay 
(or breakage) is a rectangular distribution is in 
error for roller ginning; it may be incorrect for saw 
ginning. But attempts to modify the second as- 
sumption again led to no fruitful results. 

Faced with the obvious shortcomings of a linear 
theory, it is still possible to obtain useful informa- 
tion. According to Equations 12 and 13, the value 
of the parameter yu can be found from a knowledge 
of average fiber length before and after degradation 
and the coefficient of variation of the initial fiber 
distribution. The parameter yw provides a useful 
criterion of fiber damage. 


The interpretation of u 
as the number of breaks per unit length per unit 


time introduced in time ¢ permits the assignment of 
a quantitative measure of fiber breakage to a given 
The 
larger the value of yu, the greater is the number of 
breaks sustained by the fibers. Thus, if » = 0.1 
(in.)—!, the interpretation is that there has been one 
break somewhere in ten lineal inches of fibers. 

It is of interest to study the behavior of the 
For 
simplicity, imagine that the initial fiber distribution 
is a single Gaussian, the equation of which is 


ginning (or bacteriological decay) process. 


solution W(/, t) as the parameter yu increases. 


W(i, 0) = 0.30 e—8-1-1-20)" 

This corresponds to constants A; = 0.125 and o, = 
0.167. In Figure 3, W(i,t) is shown for several 
different values of wu. As the value of uw increases, 
the original distribution function is, in effect, de- 
stroyed. Finally, in the limit as uy — ~, all fibers 
would be in the cell of length \% in. or less. This 
type of behavior, the transition from an initial 
(sharp) distribution function to a final sharp dis- 
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tribution function, has been found by other writers 
in the study of hydrolysis and other random chain- 
scission processes [1]. The fact that the rate 
equations for change in molecular size distributions 
with time lead to solutions of a form similar to 
Equation 8 or 10 is not surprising. As Montroll 
[6] points out, some of the aspects of depolymeri- 
zation follow from the solutions to corresponding 
problems in radioactive decay. To put it another 
way, Equation 5 and radioactive decay equations 
are both, in probabilistic interpretation, examples 
of Markov chain equations. 
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The Reliability of the Soil Burial Method for 
Evaluating Textile Preservative Treatments’ 


J. M. Ashcroft 


Materials Branch, U. S. Army Engineer Research and Development Laboratories, Fort Belvoir, Virginia 


Abstract 


The variability in the degradation rate of a fabric treated with each of two rot- 
inhibiting treatments was measured after burial in a biologically active soil for varying 
periods of time under controlled conditions. The purpose of the experiment was to 
determine what limits of reliability might be expected in average strength measurements 
as a consequence of random variations inherent in the soil burial procedure employed 
under practicable measures of control. The experiment utilized a random block design, 
which permitted estimation of the effect of soil variations among the several blocks. 
The design also made possible an analysis of the results as 5 replicate measurements of 
10 observations, or, when combined, as a single measurement of 50 observations. 

The results showed that the variability in fabric strength measurements increased 
as deterioration progressed, reaching a maximum when 40-60% of the original strength 
was lost. The increase was greater in the treated than in untreated fabric, and for one 
treatment than for the other. The degradation rate of untreated fabric in the several 
soil blocks showed highly significant differences. But a similar block effect on the 
treated fabric could not be detected in 8 of the 10 exposure periods. The increased 
variability and reduced rate of deterioration resulting from the treatment evidently 
tended to mask the smaller effect of soil variation. At the stage corresponding to the 
greatest variability, the 95% confidence range for measurements based on 10 observa- 
tions was for one treated fabric 43.8% of the original strength, and for the other, 22.4%. 
This degree of precision does not justify the high confidence often placed in soil burial 
test data based on 10 or fewer observations per sample. The variability measurements 
indicate several measures that can be taken to increase the precision of the test pro- 
cedure by reducing the random variations. 

The shortcomings inherent in the general practice of reporting the results of soil 
burial tests as the average percentage of the original strength lost or retained are dis- 
cussed. A novel method of presenting test data in the form of a histogram of the 
cumulative frequency distribution is proposed as a means of overcoming most of the 
disadvantages of the conventional methods of reporting data. 


Introduction percentage of strength lost or retained after the ex- 


posure. Comparison with the results obtained with 


The effectiveness of rot-inhibiting preservative ; ~<a 
the same fabric but without the treatment provides 


treatments for cotton textiles usually is determined 
by a biological test. The procedure followed gen- 
erally is to apply the treatment to cotton cloth, ex- 
pose a sample of the cloth to conditions which favor 
deterioration by rot, and compare the strength of 
the sample under standardized conditions with the 
strength of another sample which has not been so 
exposed. The results are usually recorded as the 


a measure of the effectiveness of the treatment. 
The type of exposure may be varied in a number 
of ways, but one which has found considerable favor 
in the past is that of burying the treated cloth in 
the soil. This is a very severe exposure, because 
the material is subjected to a wide spectrum of de- 
grading organisms at once. A detailed description 
of a soil burial test is given in Federal Specification 
CCC-T-191, “Textile Test Methods.” The proce- 


1 The subject matter of this report was presented as part 
of the program of the Society of Industrial Microbiology at 


the annual meeting of the American Society of Biological 
Sciences, Leland Stanford University, California, August 
26-29, 1957. 


dure described apparently was intended as an ac- 
ceptance test for use in connection with the purchase 
of finished textile materials treated by industrial 
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processing methods. Variations of the method have 


been employed rather extensively, however, as an 


investigative tool for such purposes as comparing 


the effectiveness of fungitoxic compounds or evalu- 
ating treatments in the process of development. 

In more recent years, the soil burial method has 
been the target of considerable adverse criticism, 
especially among laboratories of the Department of 
Defense. This stems from inconsistencies among 
the results obtained by different laboratories which 
have used the method to evaluate the same treat- 
ments. The inconsistencies usually have been at- 
tributed to the variability of the different soils used, 
but the results obtained with the soil burial proce- 
dure are affected by a number of random variables 
other than those of the soil. For example, varia- 
tions incidental to the spinning and weaving of the 
fabric, in the application of the treatment to the fab- 
ric, and in the process of selecting and measuring 
a representative sample all have effects in addition 
to those of the soil. 


This investigation is an attempt to estimate the 


Fig. 1. The test fabric showing (A) spacing of colored 
warp yarns, (B) break specimen formed by cutting between 
narrowly spaced colored yarns, and (C) break specimen re- 
duced to standard size by raveling warp to colored yarn 
along both edges 


ellel llelle) Yeo 
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Fig. 2. 


Scheme for numbering break specimens. 
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magnitude of these several random variables and of 
their combined effect on the efficacy of soil burial 
technique as commonly employed to distinguish real 
differences among preservative treatments. It was 
also expected to provide a guide to practicable modi- 
fications which would serve to increase the reliabil- 


ity with which such differences might be detected. 


Procedure 


Since the description of the soil burial method 
given in Federal Specification CCC-T-191 was mod- 
ified for this investigation, a brief description of the 
modifications will be given. 


The Fabric 


The fabric used was a cotton duck, weighing ap- 
proximately 10 oz./yd.* with dark colored 
woven at regular intervals in the warp. These are 
shown in Figure 1, which also illustrates how the 
break specimens are cut and raveled. 


yarns 


The advan- 
tage of the colored yarns, other than economy, is 
that all of the specimens have the same number of 
warp yarns despite any dimensional changes which 
may result from varied treatment. The breaking 
strength of the fabric as received had a standard 
deviation of 8.5 Ib. 


The Sampling Plan 


One hundred strips of this fabric, 6 in. in length 
and the width of the roll, were cut from a single 
The 


sequence of the strips was then changed to a random 


piece of stock and numbered serially as cut. 


one by the use of a table of random numbers, and 
The 
first 40 strips, numbered 1 to 40, were then im- 
pregnated with copper naphthenate; the second 40, 
numbered 41 to 80, with G-4 [2, 2’ 


the strips were renumbered in serial sequence. 


methylene bis 
(4 chlorophenol)]; and the last 20 strips were left 
untreated. The break specimens of the successive 
strips in a series which had received one of the pre- 
servative treatments were now numbered as shown 
schematically in Figure 2. After the specimens were 
cut, those with the same number (one from each 
of the strips in the series) 


bundles. 


combined into 
In each bundle, the order of the specimens 
The sev- 
eral bundles of specimens were then combined in a 
single series, beginning with the bundle made up of 
specimens numbered 1 and ending with those num- 


were 


corresponded to the order of the strips. 





Fig. 3. Arrangement of block areas in soil beds; (P) used 
for preliminary run, (M) used for main run. 
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Fig. 4. Arrangement of break specimens in each block. 


bered 21. Consequently, any considerable number 
of specimens taken in sequence would be an unbi- 
ased sample of the treated fabric which it repre- 


sented. 


Application of Treatment 


The treatment was applied to the fabric by im- 
mersing it in a solution of the fungitoxic compound, 
passing the wet cloth between the rolls of a labora- 
tory padding machine under pneumatic pressure to 
remove the excess solution, and then drying it by 
means of a forced draft of air. During the drying 
period the fabric was stretched in a horizontal posi- 
tion to reduce migration of the solution. The depo- 
sition of the treating compound on the fabric was 
controlled by means of the pressure on the padder 
rolls and the concentration of the treating solution. 
The nominal strength of the G-4 treatment was 
0.5% ; that of the copper naphthenate treatment was 
the equivalent of 0.6% copper. Both of these fig- 
ures are based on the dry weight of the fabric. 


The Experimental Design and Burial Technique 


To reveal the effect of soil variation, a block de- 
sign was employed in burying the samples. Two 
large soil boxes (82X44 in.) were divided into 10 
equal-sized blocks, which were numbered as shown 
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schematically in Figure 3. The odd-numbered 
blocks were used for a preliminary run. The re- 
sults of this run do not appear in the final analysis. 
They were used, however, to determine when the 
the 


blocks should begin and to estimate the time lapse 


harvesting of samples from even-numbered 


between the taking of successive samples. The spec- 
imens making up the preliminary run were buried 
1 week prior to the burial in the even-numbered 
blocks, which were used for the main experiment. 

Fifty specimens of each treated fabric were buried 
in each of the 10 blocks in the alternating pattern 
shown in Figure 4. When the specimens were har- 
vested, 10 specimens of each treated fabric, chosen 
from scattered locations 5 blocks, 
Immediately after the 


within each of 
were removed at one time. 
last of the treated fabrics had been harvested, 50 
untreated specimens were buried in each of the 5 
These were 
harvested at the rate of 10 specimens/day from each 


blocks used for the main experiment. 


block from the third to the seventh day of burial 
inclusive. 

The method of burying the specimens differed 
from either of the methods recommended in the Fed- 
eral Specification previously mentioned. In our 
laboratory, we have had some unsatisfactory results 
the 
fact that, quite often, the maximum deterioration 
would occur at the end of the specimen. 


with the recommended burial method due to 

Since this 
part of the specimen is held in the jaws of the ma- 
chine during breaking, the recorded break does not 
measure the strength at the point of maximum deg- 
radation. For this reason, the specimens in this ex- 
periment were buried with only the middle in the 


soil, both ends protruding above the surface. 


The Soil Beds 


The soil beds were located in a tropical test cham- 
ber. The interior of this chamber, which is shown 
in Figure 5, is approximately 32 ft. long, 20 ft. wide, 
and 14 ft. high. The temperature and humidity in- 
side the room pass through a controlled cycle which 
simulates the daily cycling of these factors in a 
tropical forest. The ranges of temperature and 
humidity of the cycle are shown in Figure 6. 

The soil in the beds was not prepared especially 
for this investigation, but had been made up in the 
early months of the current year. It was composed 
of humus derived from well decayed leaves, sand, 


and a natural sandy loam soil. All components were 
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screened through a j-in. screen before mixing, 


which was effected in a concrete mixer. During 
the mixing, calcium carbonate equivalent to 2% of 
the dry weight of the soil was added. The re- 
sultant soil mixture was porous, well aerated, and 
biologically active, with a moisture content between 
25 and 27.5%, a pH between 6.2 and 6.6, and with 
little tendency to lump under pressure. 


Results and Discussion 
Untreated Fabri 


The soil burial results given in Table I show that 
the untreated fabric lost, on the average, 49% of its 
strength in 3 days and 77% in 5 days (see “mean” 
for all blocks). This indicates that the biological 
activity of the test soil was fairly high 


metic 


The arith- 
mean declined 


each succeeding burial period. 


strength 


progressively for 
Moreover, compari- 
(SE) * indicates that 
the difference between the mean for any period and 


son with the standard error 


2? The standard error is a measure of the deviations, about 
a population mean, of sample means of a given number of 
observations at random from the population. If 
each of the sample means is the average of an equal number 
of observations (such as breaking strength measurements), 
and the number of 
the distributior 
normal curve 


selected 


observations is four or more per mean, 
of the sample means will approximate a 
with a standard deviation which is estimated 
by the standard error of each sample. The sample mean and 
therefore be used to estimate the 
probability that a deviation of any magnitude will occur by 
chance. For example, deviations from the population mean 
equal to or greater than +1 standard error may be expected 
with a frequency of approximately 30% ; +2 standard errors, 
5%; and +3 standard errors, 0.26% 

8 This statement implies that a difference as large as the 
one observed would not be expected to occur by chance 
more often than once in twenty replications (or 5%) on the 
average, if the two samples means were estimates of the 
same population mean. 


the standard error may 


*For a discussion and description of this test the reader 
is referred to a standard textbook of statistical methods, such 
as “Introduction to Statistical Methods,” Dixon, W. J. and 
Massey, F. J.. McGraw-Hill, N. Y., 1951. 


TABLE I. 


425 


that for the succeeding period were statistically sig- 
nificant at the 5% level.* The period means for all 
blocks may be taken, therefore, as a reasonably ac- 
curate measure of the degradation resulting from 
the difference in the exposure time. 

An analysis of variance * test applied separately to 
sach of the burial periods shows that the results ob- 
tained from the several blocks were different at a 


significance level of 0.1%. Therefore, despite the 


Fig. 5. 


The tropical test chamber. 
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Fig. 6. Temperature-humidity cycle of the tropical test 
chamber, Engineer Research and Development Laboratories, 
Fort Belvoir, Va 
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Mean 


Mean SE 
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Mean SE 
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attempt made to prepare a homogeneous test soil, 
variations remained which were detectable in the 
results obtained with untreated fabric. This effect 
of the soil blocks does not affect the period means 
for all blocks combined, since each block was rep- 
resented equally in each period mean. 

The period means within individual blocks re- 
veal a number of anomalies. For example, in blocks 
2 and 4 the results for the fourth and fifth day were 
no different, and in block 6 the difference between 
the third and fourth day is of questionable signifi- 
cance. Thus, of the 10 possible comparisons of re- 
sults differing in exposure time by one day, 3 yielded 
inconclusive results. 

Additional discrepancies appear between blocks. 
A comparison of the results for blocks 4 and 6 
shows, for example, that on the third day the results 
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Fig. 7. Distribution of breaking strengths of untreated 
fabric after exposure to soil burial for varying periods. (1) 
7 days SB, X = 14.02: (2) 6 days SB, X = 23.06; (3) 5 
days SB, X = 30.84; (4) 4 days SB, X = 42.68; (5) 3 days 
SB, X = 69.98; (6) 0 days SB, X = 136.96. 








Cumulative frequency 








Breaking strength (ibs.) 

Fig. 8. Distribution of breaking strengths of fabric treated 
with G-4 after various soil burial periods. (1) 40 days SB, 
X = 59.52; (2) 31 days SB, X =88.90; (3) 25 days SB, 
X = 123.72; (4) 21 days SB, X = 131.06; (5) 0 days SB, 
X = 138.36. 
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from the former block were significantly higher in 
strength than those from the latter; on the fourth 
day the results indicate the strengths were reversed ; 
and on the fifth day the difference was not signifi- 
cant. No explanation of this can be given other 
than to suggest that the soil variations noted be- 
tween blocks may be operative within blocks, al- 
though perhaps to a lesser degree. 

The standard errors for all blocks in Table I indi- 
cate that the variability in strength of the sample 
increases with the stage of deterioration to a maxi- 
mum and then declines. This is shown in graphic 
form much more clearly by Figure 7, in which the 
cumulative frequency (probability) is plotted against 
the strength of the specimens for each period sample 
of 50 observations. The variability is reflected by 
the range of breaking strengths of the 50 specimens 
included in the histogram. This range is greatest 
in the sample exposed for 3 days, and decreases for 
each succeeding exposure. 

All of the causal factors involved in the increase 
identified, but 


doubtedly responsible in part. 


cannot be soil variations are un- 
It is also conceivable 
that variations in the inherent resistance of the dif- 


ferent cotton fibers could also be a factor. 


Treated Fabrics 


The soil burial results for the treated fabrics are 
given in Table II. The most noticeable effect of 
the treatments is the greatly reduced rate of deter- 
ioration. The untreated fabric lost a greater per- 
centage of strength in 4 days than the G-4 fabric 
lost in 40 days or the copper naphthenate fabric in 


49 days. Almost as prominent as the reduction in 
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Fig. 9. Distribution of breaking strength of fabric treated 
with copper naphthenate after various soil burial periods. 
(1) 49 days SB, X = 97.18; (2) 42 days SB, X = 113.58; 
(3) 35 days SB, X = 130.56; (4) 28 days SB, X = 143.66; 
(5) 21 days SB, X = 147.60; (6) 0 days SB, X = 154.06. 





May 1958 


deterioration rate is the considerable increase in the 
standard error of the treated fabrics. This repre- 
sents a further increase in the variability, with re- 
spect to the rate of deterioration, of treated com- 
pared to untreated fabric at corresponding stages of 
degradation. As in the case of the untreated fabrics, 
the maximum variability appears to be reached when 
the loss of strength is approximately 50% of the 
original strength. The change in the variability 
with time of exposure is shown by the histograms 
of the cumulative frequency distribution for the G-4 
fabric in Figure 8 and for the copper naphthenate 
fabric in Figure 9. 

It appears probable that this increased variability 
is related to the degree of uniformity of the treat- 
ment applied. afford 
varying levels of protection at different points on 
the surface of the fabric. 


Any nonuniformity would 
As the protective material 
weathers or is leached away on exposure, the differ- 
ences due to nonuniformity of the treatment would 
be accentuated, since subminimal levels of protec- 
tion would be reached at different points at different 
times. The effect of all such increases in variability 
is to decrease the precision of the test, because they 
increase the range of values which are probable 
from random fluctuations. 

In Table II, the period means measure the differ- 
ences in deterioration of the copper naphthenate 
fabric in uniform increments of 7 days after the first 
21 days. 


each succeeding period is lower than that of the pre- 


In the column for all blocks, the mean of 


ceding period by an amount which is significant at 


the 5% level or lower. The samples of 50 observa- 


TABLE II. 
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tions (10 from each block) is, therefore, a fairly re- 
liable measure of the degradation which occurs in 
The 
reliability of the means of the samples of 10 observa- 
tions 


this fabric in increments of 7 days soil burial. 


within blocks is, as a measure of the same 
quantity, however, manifestly low. 
tained in blocks 4 and 8 after 28 days burial, in 
block 2 after 42 days, and in blocks 8 and 0 after 49 


days are too high to be significant at the 5% 


The results ob- 


level. 
Thus the means of 10 observations give inconclusive 
results in 5 of 20 possible comparisons. Even when 
the difference in the soil burial period is increased 
to 14 days, 1 of 15, comparisons was inconclusive 
(compare the means for 21 and 33 days in block 8). 

The period means given in Table II for the G-4 
fabric measure the degradation after varying incre- 
ments of exposure time (4, 6, 2, and 7 days). Ref- 
for all blocks 
shows a difference significant at the 5% level in each 
succeeding period except that for 33 days. 


erence to the means in the column 
In this 
case, however, the increment of exposure time over 
the preceding period was only 2 days. The data 
indicate, therefore, that the means of 50 observations 
provide a reliable measure of the degradation of 
this fabric, if the difference between burial periods 
is 4 days or more. 

If the means of the 10 observations for successive 
periods within blocks are examined, the same un- 
reliability encountered in the copper naphthenate 
results None of the blocks 
show, for the 33-day period, a significant difference 
from the 31-day period. 


fabric may be noted. 


This is, however, not sur- 


prising, since the sample of 50 observations in the 
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all block column is likewise not significant. Exclu- 
sive of the 33-day results, however, those for 25 days 
in blocks 6 and 8, 31 days in block 0, and 40 days 
in blocks 2 and 6 are not significantly different at 
the 5% level from those for the preceding period. 
The number and percentage of inconclusive results 
among the G-4 fabric results for the several incre- 


ments in the exposure period are, therefore, as fol- 
lows: 


Exposure 
increment, 
days 


Percent 
inconclusive 


100 
40 
20 
40 


Inconclusive 
results 


From the foregoing it should be clear that, while 
samples of 50 observations will estimate with rea- 
sonable accuracy the degradation which occurs be- 
tween successive periods of exposure under the con- 
ditions of this experiment, the same statement cannot 
be made for samples of 10 observations. While 
interesting, this information is not very useful, since 
the comparison involves the period of exposure 
which may be varied at will. A comparison of the 
efficiency of samples of 50 and 10 observations in- 
dependent of the exposure period is, therefore, de- 
sirable. The recorded standard errors of the vari- 
ous samples permits such a comparison. 

The best available estimates of the variability at 
the several stages of deterioration are given by the 
standard error in the column for all blocks in Table 


Il. For the G-4 fabric the maximum variability 
(SE=4.9) is that of the exposure for 31 days. 
This, then, is the determination which would be ex- 


It shows that the 
mean obtained when the variability is greatest may 
be expected to lie outside of the range 64 + 98% 
with a probability of 5%. The 95% 
range extends, therefore, from 54.2 to 
19.6% of the original strength. 

The corresponding range for a sample of 10 ob- 
servations may be computed. 


pected to be the least precise. 


confidence 
73.8%, or 


If the standard error 
(SE») for a sampie of No observations is given, the 
standard error (SE,) for a sample of any number 
of observations (N,) is given by the relationship 


SE, Vv Mi = SEov No (1) 


The computed standard error for a sample of 10 ob- 
servations is 10.95. Estimates of the mean based 
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on 10 observations would be expected to lie outside 
the range 64+ 21.9% with a frequency of 5%. 
The 95% confidence range for such estimates would, 
therefore, be 43.8% (+2 x 10.95) of the original 
strength. In the same way the confidence range at 
any level and for any number of observations per 
sample may be computed. The 95% ranges for the 
G-4 and copper naphthenate fabric for samples of 5 
to 100 observations are shown in Figure 10. The 
greater precision obtained with the latter fabric is 
due to its much lower variability. 

Under given experimental conditions and with a 
given procedure, the results of an experiment can be 
made as precise as desired by the experimenter. 
This can be done, however, only by increasing the 
number of observations per sample. 
were 


Suppose it 
which would be 
accurate to within 5% of the original strength with 
a confidence level of 99%. 


necessary to obtain results 
Then, since 99% corre- 
sponds to a deviation from the mean of 2.576 times 
the standard error (SE) 


= 1.941 


If this value is substituted for SE,, and 4.9 and 50 
for SE» and No respectively in Equation 1, the num- 
ber of observations required may be estimated by 
solving for N,. 
G-4 fabric. 


This gives the number 319 for the 
The corresponding number for the cop- 
per naphthenate fabric is 83. One measurement of 
the latter fabric is, therefore, equivalent to 3.84 
measurements of the former fabric. The difference 
represents an increase in efficiency equal to 284% 
for the copper naphthenate fabric. 
ficiency 


This greater ef- 
is due entirely to the lower standard error 
for the copper naphthenate fabric. 

Variance analysis tests applied to the treated fab- 
ric indicated that the effect of the soil in different 
blocks was not significant at the 5% level for the 
copper naphthenate fabric in any exposure period. 
For the G-4 fabric, the same tests yield a positive 
answer for the periods of 21 and 33 days only. 
These results are, therefore, in striking contrast with 
the results obtained with the untreated fabric, but 
The 


block effect is no doubt real, but, in the results for 


the difference is not necessarily contradictory. 


the treated fabric, it is much reduced in relative im- 
portance as a cause of the observed variations, be- 
ing masked by the much larger effect of the treat- 
ment. This decreased importance is probably due 
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to the reduction in the overall deterioration coupled 
with the increase in the variability. Both of these 


effects result from the treatment. 


Suggestions for Increasing Precision 


The results of this investigation emphasize the 
need in soil burial tests for techniques and proce- 
dures which will reduce the random variability of 
such tests to a minimum. In fact, such techniques 
are an absolute necessity if any major improvement 
in the precision of soil burial results is to be effected 
without resorting to much more extensive testing. 
Consequently, investigations aimed at reducing vari- 
ability in the overall procedure probably will be 
quite rewarding in the long run. Any improvement 
in the procedure will, in all probability, be brought 
about, however, by reducing the variability of speci- 
fic techniques employed in the overall procedure. 
This investigation points out a number of directions 
which such attempts at improvement might take 
with considerable promise of success. One of these 
is in the basic fabric used in the evaluation of treat- 
ments. The art, skill, and science of the spinning 
and weaving industry should be employed to the 
maximum practical extent to obtain a fabric in which 
variability minimum. A 
The 


random block design used in this experiment is an 


has been reduced to a 


second is in improved design of experiments 


effective way of nullifying the effect of soil varia- 
bility. It is not necessarily the best, however, and 
other designs should be investigated for greater ef- 
ficiency. A third direction would be in the improve- 
ment of the technique of applying the treatment 
The present investigation provides an indication that 
this might prove to be very rewarding indeed. 
Comparison of the histograms for the G-4 fabric 
in Figure 8 with those for the copper naphthenate 
fabric in Figure 9 reveals that the variability of the 
former is much greater than that of the latter at 
The upper 
fourth of the G-4 histograms indicates, however, a 


comparable stages of degradation. 
rot-inhibiting potential for this treatment not greatly 
This 


suggests that the observed differences between the 


different from that of copper naphthenate. 


two treatments may not be due to any appreciable 
differences in the potential of the two treatments but 
rather to the degree of uniformity, or to the per- 
sistence, of the treatment. If this be essentially cor- 
rect, the poorer results obtained with the G-4 treat- 
ment could reflect properties inherently faulty for 
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the intended purpose. On the other hand, they 


could be caused by an application technique which 


was less favorable for depositing a uniform, adher- 


ent coating than was achieved in the copper naph- 
thenate treatment 

The latter conjecture is made to appear more 
plausible by the fact that different solvents were 
used to apply the treatments. The solvent for cop- 
per naphthenate was toluol, and for G-4, 
effective 
alcohol is 


alcohol. 
Toluol is an solvent of 


fats; 


waxes, oils, and 
this 


The behavior of the two solvents towards the nat- 


rather ineffective in respect. 
ural waxes, fats, and oils in cotton fibers may ac- 
count in part for the different results obtained with 


the two treatments 


Suggested Method of Reporting Data 


The general practice of reporting the results of 
soil burial tests conducted to evaluate preservative 
treatments as the average percentage of the original 
strength lost or retained is unfortunate from a num- 
ber of viewpoints. Although the serviceability of a 
fabric depends largely on strength, preservative 
treatments are applied usually to preserve some min- 
imum level of strength. In evaluation of such treat- 
ments, interest should be principally focused on how 
long, at least in a relative sense, the treatment may 
be expected to preserve this minimum strength. 
This interest would be better satisfied if the results 
were expressed in terms which represent time. 

Coupled with this primary interest is a secondary 
one. This stems from the fact that failure of the 
treatment can result in consequences of varying de- 


grees of seriousness. Thus a natural concern with 
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the probability of failure of the treatment arises. 
Because of these two interests, evaluation results are 
in the most generally useful form when they satisfy 
the desire to know how long a treatment will pre- 
serve a given level of strength with a given level of 
confidence. 

The greater precision of answers given in accord 
with the latter form may be exemplified by two dif- 
ferent answers to the question: What was the rela- 
tive effectiveness of the copper naphthenate and the 
This 
could be answered with data taken from Table I] 
by stating that fabric treated with G-4 retained 43% 
of its original strength after 40 days burial and that 
fabric treated with copper naphthenate retained 63% 
after 49 days. This answer would indicate that the 
latter treatment is better but would furnish at best 
only a very imprecise measure of how much better. 


G-4 treatments shown in this experiment? 


Note, however, how much more precise the follow- 
ing answer would be: fabric treated with G-4 failed 
at 100 Ib. stress with a frequency of 20% after 25 
days exposure ; whereas the same fabric treated with 
copper naphthenate failed at the same stress with 
the same frequency after 42 days exposure. In the 
latter answer the ratio of the exposure time (42/25 
= 1.7) is a direct measure of the relative effective- 
ness at the same confidence level, provided the fab- 
rics were tested under the same conditions. 

If soil burial exposure results are recorded in the 
form of cumulative frequency histograms similar to 
those in Figures 7, 8, and 9, such comparisons are 
made very simply, even though the original data 
are obtained from tests in which the exposure pe- 
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riods were unequal or irregular. To illustrate, the 
probabilities of the G-4 fabric failing at 100 Ib. stress 
after the several periods of exposure can be obtained 
from Figure 8. These probabilities are given by 
the ordinates of the several histograms at the ab- 


scissa representing 100 Ib. If the probabilities are 


_ plotted as ordinates against the soil burial period as 


the abscissa, the curve labeled G-4 shown in Figure 
11 is obtained. Similar data obtained from Figure 
9 yield the curve for the copper naphthenate fabric 
labeled Cu Naph. in Figure 11. The relative effec- 
tiveness of the treatments at any probability level is 
now obtained by the ratio of the abscissas of the two 
curves. At the 20% level this is as 42 days are to 
25 days, or 1.7. By a similar process, any treat- 
ment might be ranked on a single scale, if the treat- 
ment and a standard treatment were applied to the 
same fabric and compared after exposure to the 
In Figure 11, the broken line 
curves represent the lower limits of the 95% con- 


same test conditions. 
fidence band for the solid line curves. Comparison 
of the two treatments on the basis of the broken 
lines would indicate a greater superiority on the 
part of the copper naphthenate treatment. For ex- 
ample, at the 20% probability level, the abscissas 
for the treatments are 23 days and 8 days for cop- 
per naphthenate and G-4 respectively. The ratio of 
these periods gives a factor of 2.9. 

The presentation of data in the form of a cumu- 
lative frequency histogram has other advantages. It 
shows at a glance the range and distribution of 
This 
range and distribution is the key to the limits of re- 
liability of the estimated mean, and enables the 
reader to interpret the data independently of the in- 
terpretation of the reporter 


values which are hidden in an average value. 


This graphic form of 
presentation may also indicate causes of observed 


differences between treatments other than primary 


causes. For example, comparison of Figure 8 with 
Figure 9 suggested that observed differences may 
be due to differences in application technique, as 


previously discussed. 
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Punched-Card Methods for Studying 
Fiber-Yarn Relationships’ 


Helmut Wakeham? and La Dean Steward’ 
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Abstract 


Methods of applying punched-card computing to a study of the relationships between 


fibers and yarns are described. Various 
fiber arrangements, the interaction of 


yarn breakage mechanism are considered. 


factors 
fiber 


such as fiber property distributions, 


properties with yarn structure, and the 


Some informational needs which may lead 


to a better comprehension of the problem and ultimately to a valid prediction of yarn 


properties are discussed. 


Introduction 


Recently developed fiber tests have permitted the 
definition and evaluation of many “new” fiber prop- 
erties. By these new tests it is possible to determine 
accurate means and variations for many properties 
of single fibers within a sample and also to explore 
interrelationships between fiber properties for the 
same fiber. The basic information needed to obtain 
an estimation of yarn (and fabric) properties from 
fiber data is, therefore, obtainable. 

The predictions from these data should be con- 
siderably improved over those made from empirical 
or correlation procedures [22], provided methods 
can be set up for handling the masses of fiber data 
necessary to describe adequately a fiber sample. 
Fortunately, such methods are available with high 
speed data processing machines. The present paper 
describes one approach to the application of punched- 
card computing equipment to the problem of trans- 
lating fiber characteristics. 
While the method is still far from complete, con- 


properties into yarn 
siderable progress has been made in understanding 
the problem. 

Although the methods herein described should be 
applicable to all types of staple and filament yarns, 
this work has been concerned only with cotton yarns. 
Actually this restriction is no limitation of the field. 
Staple yarns present many complexities not present 
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in filament yarns. Some of these complexities are 
considerably more involved in cotton yarns than in 
yarns of other materials. It seemed, therefore, that 
application to cotton of the methods herein described 
would provide a most rigorous test of their usefulness 
and generality. Subsequent modification, for other 
yarn structures, of those methods found successful 


with cotton should then be a relatively simple matter. 


The Problem 


A generalized statement of the problem considered 
here might be made in the form of a question: Under 
the conditions of yarn structure, how do the prop- 
erties of the constituent fibers manifest themselves to 
impart to the yarn its observed behavior? The vari- 
ous factors relating to this problem may be classified 


into several groups, enlarged upon below. 


Fiber Properties 


These properties include fiber length, cross-sec- 
tional area and shape, crimp, and stress-strain derived 
It is 
important to remember that individual fibers may 


parameters in tension, torsion, and bending. 


vary greatly in the values for the property parameters. 
Part of this variation may be overcome by using 
distributional indices as well as mean values [14], 
but in many cases the property values are not dis- 
tributed normally, and the use of conventional in- 
dices such as standard deviations may give mislead- 
ing results. This situation may be illustrated by the 
cotton fiber length distribution, which is usually 
bimodal for uncombed cotton samples [18]. 
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Distribution of Fibers in the Yarn 


In staple yarns the number of fibers in the yarn 
cross section usually varies considerably from point 
to point, as indicated by conventional unevenness 
measurements. If the average number of fibers in 
the yarn cross section is small, there may also be 
appreciable differences in average properties of the 
fibers found in different locations. At some points 
in the yarn the fibers may be predominately long, 
or strong, or stiff, or flat, or kinky. Thus there may 
be all sorts of heterogeneities in fiber distribution 
along the length of the yarn. Cross-sectional varia- 
tions in fiber properties may also occur. For ex- 
ample, there is some evidence that in spinning a 
mixture of fibers the stiff ones remain in the center 
of the yarn and the flexible ones tend to migrate out 


to the periphery of the yarn [11]. 


Arrangement of Fibers in the Yarn 


In the twisted filament yarn the fibers generally 
follow a helical path along the length of the yarn. 
Morton and Yen [11, 12] have shown this is not 
exactly the case with staple yarns. Here the fibers 
“migrate” or “dart” from one level to another in the 
yarn cross section; that is, the radius of the helical 
path varies along the length of the yarn. Fiber ends, 
and occasionally loops, protrude from the body of 
the yarn. With highly crimped fibers this fiber 
migration might be more pronounced than in yarn of 
low crimp fibers. The extent to which crimp will 
affect migration probably depends upon the amount 
of twist imposed upon the fibers, and this will in turn 
depend upon the number of fibers in the yarn cross 
section, since it is a fact that the twist is greater in 
the thin sections of yarn than in the thick portions. 


Influence of Yarn Geometry on Fiber Properties 


In some fibers, especially cotton, the strength and 
elongation exhibited by the individual fibers depend 
upon the gauge length (or distance between clamps 
holding the fiber) used in the test [2, 6, 7,19]. This 
effect is due to the large number of relatively weak 
“links” found per unit length of the cotton fiber. As 
a result of these, the average fiber strength at a 10- 
mm. gauge length is only half that at a 1-mm. gauge 
length. 

When a loose yarn is stretched, the twisted struc- 
ture gives rise to lateral pressures between the fibers 
which build up from the outer layers of the yarn to 
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the inner core. The greater the stretch, the greater 
the pressure and the greater the friction. As a result 
of the friction, the tensional force on the yarn is 
borne by the fibers, which are now stretched as if 
held between clamps. The effective gauge length of 
the “clamped” fiber in the yarn thus probably de- 
pends upon its location in the yarn cross section, the 
yarn twist, the tension on the yarn, etc. The prop- 
erties of the fiber in the yarn hence are appreciably 
affected by the yarn structure and the conditions 
imposed upon the fiber in the process of stretching 


and breaking the yarn. 


Factors in the Mechanism of Stress Transfer and 
Yarn Breakage 


Some movement of fibers takes place as the yarn 
is initially stretched. This is especially true if the 
yarn twist is low and the fibers are rather kinky. 
To what extent does this movement take place, and 
is it desirable or undesirable for good yarn strength? 
This question is related to those involving the mecha- 
nism of yarn breakage when tension is applied. Do 
the fibers merely slip out or do they break? Do some 
break first and then the others slip out when the 
yarn structure disintegrates? The factors of fiber 
friction and entanglement and the contribution these 
make in stress transfer also relate to yarn behavior. 

It is evident from these considerations that the 
translation of fiber properties into staple yarn be- 
Many of the 
factors mentioned above cannot be investigated sepa- 
rately but must be considered together. It 


havior is a rather complex problem. 


is for 
this reason that automatic computing methods such 
as those employing punched-card techniques seem 
ideally suitable for studying these factors in staple 
yarn systems. 


General Approach 


Methods employed by previous investigators may 
be classified as empirical, analytical, and statistical. 
In the empirical method, one simply makes standard 
yarns of different kinds of fibers and tries to relate 
the yarn properties with the fiber properties. The 
results from these experiments may be analyzed sta- 
tistically by multiple correlation methods to find out 
which of the fiber properties tested are most im- 
portant to yarn behavior [17, 22]. In the analytical 
approach, various assumptions regarding yarn ge- 
ometry and fiber properties are used to set up equa- 
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tions for predicting yarn behavior [1, 6, 13, 14, 15, 


16]. 


This last approach to the problem is generally 


most fruitful in explaining the mechanism whereby 


fiber properties produce the properties observed in 
the yarn. 

Each of these methods generally has the failing 
that the relationships between fibers and yarns are 
based on average values of fiber properties rather 
than upon the distributions of fiber properties exist- 
ing in the sample. 


where the distributions of fiber properties are normal 


Under special circumstances 


and the various properties are interrelated in the 
recognizable ways, the use of average property 
values and even of standard deviations in charac- 
terizing the sample is often justifiable and profitable 


[13]. 


valid picture of fiber properties is not always obtained 


In other cases, such as cotton for example, a 


from simple statistical means and standard deviations, 
and the entire fiber property distribution must be 
taken into account. 

With wide variations in fiber properties possible, 
the translation problem becomes one in which the 
yarn property under consideration is the result of 
superposition of a large number of variables, the 
values which these variables take being governed by 
probability laws. Previous methods also generally 
have not taken the probability considerations into ac- 
count. In the broad sense, the staple yarn problem 
is thus a stochastical problem, that is, one governed 
by probabilistic laws. 

The approach to the fiber—yarn translation prob- 
lem employed in this investigation is essentially a 
stochastical method in that a mathematical abstrac- 
tion is used to represent the yarn situation. Com- 
binations of fiber properties corresponding to actual 
fibers are used as raw materials for the computations, 
so that the distributions of fiber properties dealt with 
are similar to those found in reality. These fiber 
property combinations are inserted into punched 
cards, which are then assigned positions along a 
hypothetical yarn axis. Various probability condi- 
tions of fiber arrangement and interaction are then 
imposed upon the yarn and calculations of the re- 
sulting yarn properties are made. Assumptions con- 
cerning the mechanism of fiber—yarn relationships 
thus are applied without actually making yarns. In 
the final examination of the assumptions, calculated 
yarn properties are compared with those observed 


for yarns made of the fiber sample originally tested. 


Punched-Card Procedures 


The following punched-card machines of the types 
available from the International Business Machines 
Corporation were used in this work. They have been 
described adequately in the literature |[3, 8] and 
will only be listed here. 


Card Punch—Type 024 
Card Sorting Machine—Type 075 
Reproducing Punch—Type 513 

Card Collator—Type 077 

Accounting Machine (Tabulator)—Type 405 
Calculating Punch—Type 602-A 


Because of limitations in space, only a broad out- 
line of the punched-card procedures used in this 
study are given herein. Detailed procedures may be 
found in the final report of the Office of Naval Re- 
search [21], which sponsored the work. It should 
be emphasized that in work of this sort many alter- 
nate procedures to those described are possible, de- 
pending only on the ingenuity of the investigator and 


the limitations of the punched-card machines. 


Fiber Properties 


In order to obtain the basic data for computation, 
several hundred single cotton fibers from a repre- 
sentative sample were tested for length, cross-sec- 
The 
last two properties were measured at a gauge length 


tional area, breaking strength, and elongation. 
of 2.5 mm. between tabs holding the fibers. Descrip- 
tions of the test methods used in these determinations 
already have appeared in the literature and will not 
be repeated here [20]. 

From the measured strength and elongation data, 
estimated strengths and elongations at 1-, 2-, and 
3-mm. gauge lengths were calculated by the use of 
factors derived from the data of Grant and Morlier 
[6]. 


gauge lengths the fiber strengths were, respectively, 


Their results showed that for 1-, 2-, and 3-mm. 


1.20, 1.04, and 0.96 times the strength at 2.5 mm. 
Since the cotton fiber stress-strain curve is approxi- 
mately linear, it was assumed that, on the average, 
elongations at various gauge lengths are proportional 
to fiber strengths. 

From the fiber test data, a deck of punched cards 
was then prepared to represent the fiber sample in 
the yarn calculation. In this deck each fiber is 
represented by a card containing the fiber length, 


The 


cross-sectional area, strength, and elongation. 
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distribution of fiber property values punched in this 
deck is then the same as that in the original data. 
The deck of fiber cards was next expanded to pro- 
vide enough fibers to make a 100-cm. length of the 
yarn to be studied. For example, in one case 391 
fibers were tested. From the average fiber size it 
was calculated that approximately 4700 such fibers 
would be required for 100 cm. of a 36’s cotton count 
yarn. The original deck of 391 cards was, therefore, 
expanded 12 times by making 11 more cards identical 
with each of the original ones. With punched cards 
this operation is very simply and quickly done in the 
reproducing punch by a “gang punching” procedure. 
In making the expansion this way, it is assumed that 
the tested fibers are representative of similar fibers 
in the larger sample. This assumption is valid if the 
original selection is properly made and large enough. 


Distribution of Fibers in the Yarn 


A hypothetical yarn axis is set up with 1000 co- 
ordinate positions (CP) representing locations on 
the axis 1 mm. apart. The CP numbers run from 
000 to 999 along the 100 cm. of yarn. The fibers are 
distributed along this hypothetical yarn axis by as- 
signing a three-digit random number to each card in 
the expanded deck of fiber cards. This number is 
taken as the CP for the left-hand end of the fiber, 
the position of the right-hand end being determined 
by the fiber length. 

Various nonrandom distributions of fibers along 
the yarn axis also may be made. For example, the 
random number table may be modified to take into 
account periodicities in yarn size, such as drafting 
waves, etc. The assignment of yarn CP to the fiber 
may also be selective to take into consideration the 
fact that the shorter fibers tend to aggregate in the 
thick portions of the yarn. These variations in the 
procedure may all be made quite easily with the 
punched-card machines. 


Total Number of Fibers and Effective Fibers 


The distribution of fibers along the hypothetical 
yarn axis next is examined to determine the number 
of fibers in the yarn cross section at various CP’s. 
Counts are made of the total number of fibers and 


of the number of effective fibers. A fiber is counted 
as being effective if it extends through the CP under 
consideration by at least some short distance; for 
example, 2 mm. The effective count thus corrects 
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for the number of ineffective fiber ends at or near 
the CP being examined. 

A plot of the total number of fibers in the yarn 
cross section versus the CP gives an “unevenness” 
curve similar to those obtained by the various testers 
being used commercially. The coefficient of variation 
of the total number of fibers for all the yarn positions 
is comparable with the unevenness values obtained 
with a quadratic type integrator on the commercial 
testers. 

From a plot of effective count versus CP, yarn 
locations containing unusually low numbers of ef- 
fective fibers may be selected for yarn strength calcu- 
lations. This selection is based on the assumption 
that such locations are also weak places in the yarn. 


Assumptions for Calculation of Yarn Properties 


In the computation of yarn strength and elonga- 
tion for the selected position, other assumptions 
must also be made. Since the estimated yarn prop- 
erties will depend greatly on the nature of these as- 
sumptions, they will be listed below. Detailed dis- 
cussion of their validity will be deferred to a later 
portion of the paper. 

Distribution of the fibers in the yarn cross section 
was assumed to be random. If fibers are located 
preferentially near the yarn center or periphery de- 
pending upon some physical property, such as elastic 
modulus, the local yarn strength might be appreciably 
modified. 

The behavior of a given fiber at the local CP under 
consideration is assumed to be independent of the 
position of the fiber in adjacent yarn positions. This 
situation generally is believed to be the case in fila- 
ment yarns in which the filament makes a helix with 
respect to the yarn axis. In staple fiber yarns the 
fibers at various CP values are at various distances 
from the yarn axis. 

The effects of yarn twist or fiber obliquity on the 
relation between fiber and yarn extension are as- 
sumed to be defined by the following equation [13]: 


ey 


~ 1+ 4e'n*? (1) 


es 


where e; is the fiber strain, e¢, is the yarn strain, n is 
the yarn twist, and r is the distance of the fiber from 
the yarn axis. For cotton staple yarns this may be 
transformed to 
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where (7) is the twist multiple of the yarn, F is 
the conventional cotton fiber fineness in micrograms 
per inch, V is the number of fibers in the yarn cross 
section, and C; is the twist correction factor. It 
will be seen from these equations that since C; is 
greater than unity the effect of twist is to increase 
the fiber extension over the yarn extension for all 
fibers lying some distance from the center of the 
yarn. The result will be that the nonsimultaneity of 
fiber breaking due to differences in fiber strength and 
elongation will be spread even further by the geo- 
metrical factor introduced by fiber twist. 

A number of ways of taking into account the ef 
fect of gauge length on fiber strength and elongation 
have been assumed. Preliminary calculations showed 
that the average effective gauge of the fibers in the 
yarn must be as low as 3 mm. or less in order to at- 
tain strength estimates comparable to that exhibited 
by singles cotton yarn. Three procedures have been 
used in selecting the fiber strength and elongation 
values to be used in computing yarn strengths. 


1. A standard average gauge length of 2 mm. was 
assumed for all fibers, regardless of location, ar- 
rangement, and twist in the yarn. 

2. The fiber gauge length was made to depend 
upon the total number of fibers and yarn twist at the 
CP under consideration. If the number of fibers is 
small, the yarn twist is higher (according to the 
Spinners’ Rule) and the gauge length was assumed 
to be shorter Conversely, for thick portions of the 
yarn, the average gauge length was assumed to be 
longer. Values such as 2, 3, and 4 mm. were used. 

3. The effective gauge length and property values 
assigned to the fiber were based upon the local posi 
tion of the fiber in the yarn cross section. Fibers 
near the center of the yarn, due to pressures from 
the outer fibers, were assumed to behave as if being 
stretched with short gauge lengths. The outer fibers, 
on the other hand, were assumed to be less tightly 
held and 


lengths were longer. 


were treated as if their effective gauge 


Calculation of Yarn Properties 


In the final calculation the force contributions of 
individual fibers were calculated as strain is imposed 
on the 


yarn. Fiber stress-strain diagrams were 
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assumed to be linear, a close approximation to the 
actual case. Thus, 


f; = key (3) 


where f; is the fiber load, e, is the fiber strain, and k 
is the force—extension ratio based on the fiber break- 
ing strength S,; and breaking elongation FE, Sub- 


stituting from Equation 2 and using k = S,/E, 


¢ 


S 
C.E ; 


(4) 


where C; is the twist correction factor and e, is the 
yarn strain, as before. The load on each fiber is 
strain. 
This is continued up to the point where the fiber load 


If equals the fiber breaking load Fy. 


calculated for constant increments of yarn 
Then, at each 
value of yarn strain, the load contributions of all the 
fibers are summed to give the total load on the yarn. 
The force-extension curve for the yarn was obtained 
by plotting the yarn extension versus the total fiber 
force. The maximum point of this curve was taken 
as the breaking point of the yarn 


Results and Discussion 


While the computing machines are capable of 
handling many different approaches to the problem 
outlined above, the decision as to the best approach 
must be made by the investigator on the basis of his 
This 
standing will guide him through the various assump- 


understanding of the yarn situation under- 
tions which must be made in arriving at a solution of 
the problem. Therefore, the present study has been 
aimed primarily at a better comprehension of the 
problem without attempting to develop a successful 
prediction formula. In this case, then, the results 
will constitute observations on the assumptions being 
made in the course of the computations, and it is 
from this point of view that the following discussion 
is presented. Ultimately, it is hoped, a reasonable 


set of assumptions or conditions can be evolved 
which will permit a valid prediction of yarn prop- 


erties to be made. 


Fiber Distribution and Yarn Evenness 


When fibers are distributed simply at random 
along a hypothetical yarn axis, the yarn evenness 
is much better than that experienced from actual 


spinning processes. The extent of this difference is 
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illustrated in Figure 1, in which the fiber distribu- 
tion of the random hypothetical yarn is compared 
with evenness curves for good and poor 36's carded 
cotton yarns. The corresponding yarn size coef- 
ficients of variation are 11%, 19%, and 34%. These 
values are to be compared with “standard” coef- 
ficients of variation of 19% for a “very even” carded 
36’s yarn and of 24% for an “average” yarn of the 
same size. 

That actual yarns are even less uniform than ex- 
pected from a random fiber distribution is well 
known [5, 10]. 
how yarn evenness relates to yarn strength. 


What is not clearly understood is 
Ap- 
parently many factors besides local yarn size affect 
local yarn strength. This is evident from Figure 2, 
in which the yarn strength at a clamp spacing of 1 in. 
is plotted against the local yarn size obtained by 
weighing the broken yarn ends between the clamps. 
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Fig. 1. Lengthwise yarn size variations: (A) random 
fiber distributions of hypothetical yarn, (B) a good 36's cot- 
ton yarn, (C) a very uneven 36's cotton yarn, 
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Distribution of local yarn strength with local yarn 
size for a poor and a good 36’s cotton yarn. 
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While there is a rough general relation between 
strength and yarn size, there appear also to be local 
strength coefficients of variation of about 30% and 
12% for the poor and the good yarn, respectively, at 
any given yarn size. 

A partial explanation for this observation may lie 
in the fact that as tension is applied to the yarn, 
twist “runs” from thick to thin places. If the yarn 
is generally undertwisted, it would seem altogether 
possible that thin places would be more nearly at 
optimum twist than thick places, and that the former 
Other rea- 
sons for the failure of local strength to follow local 


might then be stronger than the latter. 


yarn size must lie in the possibilities of finding local 
concentrations of fiber ends, aggregates of strong 
(or weak) fibers, etc. In other words, undoubtedly 
there are other nonuniformities in fiber distribution 
in the yarn than those which contribute to yarn size. 

A successful computational method for the fiber 
yarn problem must take into account these nonuni- 
formities in fiber distributions. Many, such as those 
relating to fiber strength, elongation, etc., may be 
assumed to be randomly distributed. But others, 
such as the number of fibers at a given yarn point 
and fiber length, are definitely known not to be 
random due to the mechanics of the drafting process. 
For these the computational instruments must be in- 
structed regarding the kind of a nonuniform fiber 
distribution pattern necessary to make the hypo- 
thetical yarn situation like a real one. It follows also 
that, for computational purposes, the description of 
the yarn to be considered must include a specification 


of the fiber distribution pattern in the yarn. 


Effective vs. Total Fibers 


The number of effective fibers contributing to yarn 
strength at any given position along the yarn axis 
will be less than the total number of fibers at the 
same point for two reasons. First, a finite length of 
fiber from its end is required to bind the fiber suf- 
ficiently to develop tension in the remainder of the 
fiber when the yarn is stretched. The ends of the 
fibers are, therefore, not effective contributors to 
yarn strengths at those points where they are located. 
Secondly, there are on the yarn “wild fibers” which, 
over the greater part of their length, simply lap 
around the outside of the yarn without being securely 
anchored at any point. These fibers add weight to 
the yarn without adding strength. 

The decision of what constitutes an effective fiber 
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depends first on the basic assumption that there is 
relatively little if any fiber slippage at the yarn break- 
ing point. This situation will be expected to prevail 
particularly at twists giving maximum strength to the 
yarn and at higher twists. Shorter [15], in his the- 
ory of varn structure and strength, has given fairly 
strong support to this view. At lower twists, fiber 
slippage probably does occur, and the number of 
effective fibers would be correspondingly reduced. 

There is, unfortunately, no factual information re- 
garding the critical distance which the fiber end in 
the absence of slippage must extend through a given 
yarn point if the fiber is to support a load and break 
rather than slip. Gregory [6] has defined half the 
fiber length as a critical lerigth at which the fiber 
fiber pressure in the yarn is just sufficient to cause 
the fiber to break when tension is applied. If one 
accepts that the majority of the fibers at the yarn 
rupture point are breaking, then Gregory's critical 
length must pertain to the outer fibers, where it will 
be a maximum. As the twist is increased, or as the 
fiber end is located away from the surface and closer 
to the core of the yarn, then the critical distance 
must become shorter and shorter. This is because 
both interfiber pressure and interfiber friction arise 
from the twist and build up from the surface to the 
core of the yarn. It would seem reasonable, then, to 
assume that the critical length of a fiber end in an 
optimum twist yarn may be considerably less than 
half the fiber length and, in fact, may not be related 
to fiber length at all, but rather to factors such as 
twist, tension, fiber arrangement, fiber crimp, fiber 
surface characteristics, fiber stiffness, etc. Certainly 
the fact that fiber length per se has a relatively mihor 
effect on yarn strength would not be true if a very 
great length of bound fiber end is necessary to make 
the fiber an effective load bearer. 

Nevertheless, even these general considerations 
provide little basis for deciding which fibers at a 
given yarn point are effective ones. Therefore, it 
was simply assumed in making the yarn calculations 
that fiber ends shorter than the assumed effective 
The 


importance of this assumption is reflected in the 


gauge length are ineffective for yarn strength. 


average ratio of effective fibers to total fibers. In a 
given hypothetical carded yarn the ratio was 0.78 


when the effective fibers were assumed to be those 


extending 2.5 mm. or more through the yarn position 


being considered. This ratio increased to 0.91 by 


reduction of the required extension through the 
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coordinate position to 1 mm. 


Theoretically the 
latter case would produce a 16% stronger yarn than 
the former. It is of interest to note that, even in the 
best situation of random fiber distribution, the range 
of ratios for the 2.5 mm. assumption was from 0.67 
to 0.86. This variation is simply due to the chance 
of finding predominately long or short ends at any 
one yarn location. 

Similar calculations also were made for a combed 
yarn situation in which 20% noils had been removed 
from the carded yarn cotton considered above. In 
combing, some of the shorter fibers in the cotton are 
preferentially removed. This should have the effect 
of reducing the frequency of fiber ends and of in 
creasing the ratio of effective fibers at any given 
yarn position. The new ratio was calculated to be 
0.80 for the 2.5 mm. case, barely more than the 0.78 
value for the carded yarn. Apparently the very ap 
(10-20%) of yarn 


strength over carded yarn strength is due to other 


preciable superiority combed 
factors, such as yarn evenness and improved fiber 
cohesion through crimp reduction, rather than to re 
duced fiber-end frequency. 

The recent work by Morton and co-workers |11, 
12] on the arrangement of fibers in yarns indicates 
that the blanket assumption of an average ineffective 
fiber-end length is in reality an oversimplification 
As the yarn is spun, nearly all leading ends are 
tucked within the yarn, whereas trailing ends gen- 
erally project out from the yarn structure. A re- 
fined method of calculation for yarn properties should 
take this effect into account. 

The extent to which “wild” fibers appear on the 
surface of the yarn has not been measured. There 
fore, it has not been possible to incorporate this 
factor into the computation of yarn behavior 

It is of that 


“wild” fibers and protruding 


interest to note reduction in yarn 
strength because of 
trailing ends has in a practical way been partially 
overcome in double creel spinning by the use of a 
double trumpet feed into the drawing zone of the 
spinning frame [9]. The yarns produced by this 
process are much less “hairy” and, it is claimed, 10 
to 15% stronger than yarns produced by the single 


trumpet process. 


Yarn Force—Extension Curves 


From the foregoing it is apparent that the force 
extension relationship calculated by the methods out- 
lined earlier will vary considerably, depending upon 
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Fig. 3. Comparison of computed and observed force 
extension curves for 36’s cotton yarn. Effective fiber gauge 
length: (A) constant at 2 mm. for all fibers, (B) based on 
the number of fibers in the yarn cross section, (C) based on 
fiber position in the yarn cross section. 


the assumptions made in setting up the problem. 
Furthermore, the fact that a given set of assumptions 
gives a computed force-extension curve similar to 
one experimentally determined is no assurance that 
the assumptions are all correct. With many factors 
to juggle, one can fairly readily obtain a desired re- 
sult. The value of such curves in a hypothetical yarn 
study is mainly in observing the effect which chang- 
ing one variable at a time has on the shape of the 
curve. 

In Figure 3 are illustrated force—extension curves 
for three hypothetical 36’s cotton yarn calculations, 
with the corresponding actual curve shown for com- 
parison. All of these are for a twist multiple of 4.0. 
The hypothetical curves were calculated by the three 
methods of taking into account fiber gauge length 
effects outlined earlier. Specifically, in Curve A a 
standard average gauge length of 2 mm. was as- 
sumed for all fibers regardless of location, arrange- 
ment, and twist in the yarn. In Curve B the fibers 
in the yarn cross section were all assumed to have 
the same average effective gauge length depending 
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on whether the yarn point was thick or thin; that is, 
of low twist or high twist, respectively. If the yarn 
cross section contained 89 or less fibers the gauge 
length was taken as 2 mm., 3 mm. for 90-110 fibers, 
and 4 mm. if there were 111 


Curve C 


or more fibers. In 
the effective fiber gauge length was se- 
lected on the basis of the fiber position in the yarn 
cross section: the central 7 fibers were assumed to 
be at 2-mm. gauge, the next 57 at 3 mm., and the 
remaining at 4 mm. The 
are the average of 14 or more calculated positions 
in each case. 


force—extension curves 


It is seen from Figure 3 that the three gauge- 
length bases for computation give quite different re- 
sults and that one could change the calculated curve 
considerably simply by selecting a different set of 
effective gauge lengths. For example, by choosing 
a l-mm. effective gauge length in Curve A, the 
straight portion of the curve would have been ex- 
tended to 15% higher strength before bending to- 
ward the abscissa, simply because the 1-mm. fiber 
strength is 1.20/1.04 times the 2-mm. strength value. 
A further 10% 
concomitant increase in number of effective fibers 
at the breaking point. 


rise would have resulted from the 


In the examination of force-extension curves two 
points were noted. One of these was that all com- 
puted yarn strengths fell short of the observed. 
Apparently in these twisted structures the effect of 
nonsimultaneity of breaks introduced by the helical 
structure assumed in Equation 2 causes such a large 
reduction in the hypothetical yarn strength that the 
calculated values of strength are less than the ac- 
tual ones. 

Looking again at the yarn structure, one is re- 
minded that Morton and Yen |11, 12] have found 
that the path of a staple fiber in a twisted yarn is a 
helix of increasing and decreasing radii and _ that 
fibers do not generally remain in the same location 
A fiber which 
at one point is on the surface of the yarn may in the 


“zone” with respect to the yarn axis. 


next turn be at the core, although such a complete 


migration is, according to Morton, very rare. 


Nevertheless, it must be recognized that in a 36's 
cotton with 24 turns/in. (TM = 4.0) the length of 
a turn is only 1 mm., and that the fiber in this very 


short distance may migrate appreciably with respect 


to the yarn axis. Consequently, the effect postu- 


lated in the formulation of Equation 2 may be much 


less than that being applied in the computation. 
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Morton’s observations also bear on the question 
of effective gauge length of the fibers in the yarn. 
If fibers are arranged in staple yarns as his results 
suggest, then the effective gauge length of an in- 


dividual fiber probably varies from place to place 


along the fiber as it migrates into and out of the 
yarn. Since the migratory path is different for each 
fiber, the use of an average gauge length for all 
fibers in the yarn cross section should give a reason- 
able approximation of the yarn behavior. This 
would be comparable to the situation for Curve A 
in Figure 3. 

A second item noted from this figure was that the 
actual yarn strength is not the maximum point of 
the integrated fiber force-extension curve, as com- 
puted by the present method, but some value on the 
curve prior to the region where the curve bends to- 
wards the extension axis. Apparently at some stage 
in the yarn extension process the failure of a rela- 
tively small number of fibers at the breaking posi- 
tion causes the yarn to snap long before the maximum 
integrated force of the effective fibers at that position 
has been reached. If this is the case, some suitable 
method of determining the practical end point of the 
curve must be found before a satisfactory calculation 


of yarn strength and elongation can be made. 


Variations in Fiber Strength 


If at any given yarn location the fibers by chance 
are all relatively weak ones, the yarn strength would 
be effected accordingly. In order to evaluate this 
factor, the variation of mean fiber strengths for a 
number of hypothetical 36's cotton yarn positions was 
computed. It was found that the coefficient of varia- 
tion for mean fiber strengths was about 5.0%. This 
means that at about 5 of every 200 yarn locations the 
average fiber strength will be less than 90% of the 
overall fiber strength. For coarse yarns the proba- 
bility of such aggregates of weaker fiber will be less 
than for fine yarns with fewer fibers in the cross sec- 
tion. Theoretically, the coefficient of variation for 
mean fiber strengths at random yarn locations is 
equal to the coefficient of variation for individual fiber 
strengths divided by the square root of the number of 
fibers in the yarn cross section. Thus, for example, 
with cotton in which the coefficient of variation of 
fiber strength is about 50%, the contribution of this 
factor alone in a 36’s yarn with about 100 fibers in 
the cross section is represented by a yarn strength 


coefficient of variation of 5%, precisely the value 
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actually found from the hypothetical yarn calcula- 
tions. 


Effects of Fiber Elongations 


Individual fiber elastic moduli, breaking elonga- 
tions, and breaking strength values vary widely in 
any given cotton sample. It would seem highly un- 
likely, therefore, that in a bundle of parallel fibers 
all will exert equal tensions at equal extensions, and 
that they will all break simultaneously when the yarn 
rupture occurs. What problably happens is that 
fibers of low extensibility and strength break at ex- 
tensions less than the yarn breaking extension. Such 
fibers do not then contribute to the ultimate strength 
of the yarn. A very wide variation in fiber breaking 
elongation therefore would be expected to result in 
the production of a weaker yarn. 

In order to check this effect computationally, com- 
parable yarn situations were examined. In these the 
effective fibers were of the same average strengths 
and elongations, but the mean breaking elongations 
were distributed with different coefficients of varia- 
tions. Strengths for idealized bundles and hypo- 
thetical yarns were calculated. It was estimated that 
an increase of the coefficient of variation for breaking 
20% 


elongation from 35% to 43% would result in a 
loss in yarn strength. This observation confirms that 
of Platt, Klein, and Hamburger [14], who analyzed 
the influence of elongation variations on the efficiency 
of fiber—yarn strength translations. It is worthwhile 
to note in this connection that cotton samples may 
as much as from 30 to 50% in the 


vary value of 


breaking elongation coefficient of variation. In the 
ory, at least, this difference would cause a large effect 


on yarn strength 


Distribution of Fibers in the Yarn Cross Section 


Since the individual fibers in a given sample may 


vary considerably in extensibility and breaking 


elongation, and since, according to Equation 2, the 
extensibility expected of a fiber depends upon the 
fiber position in the yarn cross section, the radial 
distribution of fibers should 


influence local yarn 


strength. In order to evaluate this effect, ten permu 
tations of fiber arrangement for each of two yarn 
locations were made and calculated for hypothetical 
strength. The range from the lowest to the highest 


yarn strength was about 20% of the mean yarn 
strength in each location. 


It should be emphasized that a large part of the 
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estimated effect of fiber radial distribution on local 
yarn strength depends upon the assumption of a 
helical fiber configuration, which is the basis of 
Equation 2. 
the 


If this holds, fibers near the center of 


yarn are extended more than those near the 


periphery for a given yarn extension. A concentra- 
tion of low elongation fibers near the yarn center 
therefore will result in yarn failure at lower exten- 
sions and strengths. 


If, in the other extreme, the 
fibers were not in a helical configuration but parallel, 
as in a bundle, the yarn strength should be ap- 


preciably greater than in the twisted arrangement 
assumed in Equation 2. In the bundle all fibers are, 
in theory, stretched to the same extent and therefore 
should work together better in carrying the yarn 
load. The results of Morton and Yen [11, 12] on 
fiber arrangements imply that in the real yarn the 
situation is probably somewhere between the helical 
arrangement in Equation 2 and the bundle. 


Conclusions 


The stochastic method applied with punched-card 
computing machines appears to offer a new approach 
to the study of fiber—yarn relationships. The method 
permits the use of actual fiber property distributions 
in considerations of the problem. It also makes pos- 
sible the exploration of various assumptions regard- 
ing fiber distributions and arrangements in the yarn, 
the effective gauge lengths of fibers in the yarn situa- 
tion, and the effects of the dispersions of pertinent 
fiber properties such as length, breaking elongation, 
strength, and fineness on yarn strength. 

Although the present investigation of the method 
has been a very preliminary one, it has revealed the 
need for additional knowledge regarding fibers and 
the yarn situation. These needs might be summarized 
as follows: 


1. More accurate data on cotton fiber properties 
at low gauge lengths are needed to provide raw ma- 
terial for the yarn calculation. The present method 
of extrapolating from 2.5 mm. to 1 mm. is highly un- 
certain. The results of this study strongly indicate 
that the average effective gauge length of fibers in 
yarns is quite low and may be even less than 1 mm. 

2. Additional information is required as to the 
most probable pattern of fiber distribution in actual 
yarns, particularly with respect to the relationship 
between local yarn size and fiber length. It is known 
in a general way from studies of fiber drafting that 
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thick places in a yarn contain a predominance of 
short fibers. More precise data on this relationship 
would be helpful, especially since the average prop- 
erties of fibers vary somewhat with the length group 
to which they belong. 

3. The available information on fiber arrangement 
in staple yarns, while extremely valuable to a compre- 
hension of the yarn situation, is inadequate to judge 
the correctness of Equation 2 for the effect of helical 
structure on nonsimultaneity of fiber breaking. What 
is needed is not only the arrangement of fibers in the 
slack yarn, but also some idea of how the arrange 
ment may be changing as the yarn is being stretched 
to break. Possibly, with information of this type, 
Equation 2 may be modified to provide a more true 
picture of the structure effect for a staple yarn. 

4. A theoretical study of the mechanics of staple 
yarn breakage might give useful criteria as to the 
point on the yarn extension curve at which yarn 
rupture might be expected to take place. How, when 
relatively few of the fibers are broken as a result of 
yarn stretching, does the resultant transfer of load 
to those remaining cause a sudden breakage of ad 
Can the 
breakage process be treated as a chain reaction and 
Cer- 
tainly more must be known of this process before 


ditional fibers and rupture of the yarn? 
so explain the final “snapping” of the yarn? 


satisfactory prediction of staple yarn strength and 
elongation can be made by analytical and computa 


tional methods. 
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Micronaire Reading as a Close Approximation to Fiber Thickness 


Agricultural Experiment Station 
University of Tennessee 
Knoxville, Tennessee 

December 10, 1957 


To the Editor 
TEXTILE RESEARCH JOURNAL 


Dear Sir: 


It is most fortunate that there exists a scientifically 
defined scale of fiber fineness that is very closely ap- 
The 
proposed scientific scale values are shown in the 
third column of Table I. 


proximated by the present micronaire scale. 


The closeness of the ap- 
proximation is indicated by comparing Column III 
with Column I or II. 


Column I is an estimate of 


micronaire readings for the corresponding proposed 


TABLE I. Comparison of Micronaire Reading with 
Equivalent Fiber Thickness and Specific 
Surface Area 


Approximate micronaire 
readings 


Equivalent 
fiber thickness, 


Specific 
surface area, 
mm 
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readings based on the equation published by the 
ARS-USDA [1] 


combined with the equation converting the 


Field Crops Research Branch of 
linear 
scale to the curvilinear scale now widely used [2}. 
Column II is a similar empirical relation obtained in 
the Fiber Research Laboratory, University of Ten- 
nessee, using a single micronaire on several series of 
cottons by three different operators. It must be re- 
membered that neither Column I or II is the best 
micronaire value obtainable. A better value should 
result by combining a number of instruments, opera- 
tors, laboratories, and cottons under the best designed 
and controlled conditions. The values above were, 


however, serious independent relate 


Other 
empirical correlations have been made, but there 


attempts to 
micronaire readings to specific surface area. 


does not exist a universally accepted conversion of 
micronaire readings to any other fineness measure- 
ment. 

The specific surface area of a cotton is defined as 
the ratio of the total external area of the fibers to 
their volume. This property is explicitly defined and 
can be determined by any one of a number of methods 
that 
measure of the total external surface of the fibers and 


or combination of measurements will give a 


of the total volume of the same fibers. The proposed 


scale in Table I is derived directly from specific sur- 


face area in mm.' and is twice the reciprocal of 


specific surface area (Table I, Column IV ) multiplied 


by 1000 to give the readings in microns. For want 


of a better name, the column headed 


“Equivalent Fiber Thickness.” 


might be 


Let us examine interpretations of the quantity, 
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“twice the reciprocal of specific surface area” (equiv- 
alent fiber thickness), both from the standpoint of 
the biologist and of the mill man. From the stand- 
point of the biologist the thickness of a fiber cell wall 
is especially significant. A fiber cross section in the 
uncollapsed state is represented diagrammatically in 
Figure la. In the final state, the fiber shrinks and 
the central lumen usually collapses, as shown in 
Figure 1b. It is probable that shrinking and col- 
lapsing occur simultaneously, but for purposes of 
simplification we can assume that Figures la and 1b 
represent the sections after shrinking. It can be 
shown that if the lumen (2rr) and external (27R) 
perimeters as well as the area of cross section of 
fibrous material (*R* — wr*) are preserved in col- 
lapsing from la to 1b, the thickness of the wall (& 

r) is also preserved. If one divides the surface of 
lumen (2zr)L plus exterior surface (2*R)L by the 
volume of wall (rR? — rr*)L for a fiber segment of 
length L, one obtains 2/(R—r). Twice the re- 
ciprocal is then the wall thickness (R — r) of either 
laor lb. The biologist and others would like nothing 
better than to be able to measure this wall thickness 
quickly and easily. In air flow instruments the 
lumen is not in contact with the flowing air and is 
therefore not directly involved as a part of the sur- 
face area. There is, however, a type of average wall 
thickness that can be read directly from an air flow 
instrument scale as proposed in Column III of Table 
I. In order to visualize this average wall thickness 
let us assume that the cell wall in Figure la uncol- 
lapsed or figure 1b collapsed is slit along the dotted 
line and then uncurled with the 
length of both the lumen perimeter and the external 
The thickest part of the 


r, or what is commonly considered the 


into a flat sheet 
perimeter unchanged. 
sheet is R 
wall thickness. If, however, one takes the average 


thickness of the uncurled sheet, one obtains the 


equivalent wall thickness, which is the width of the 
rectangle (Figure 1b) having the same area. Twice 
this equivalent wall thickness is the equivalent fiber 
thickness and can be written as 2(2R* 2rR 
R — (r/R)r. 


fiber thickness are so near the present micronaire 


wr) 


The numerical values of equivalent 


readings within the range of commercial cottons that 
it would require carefully designed and executed 
experiments to demonstrate a difference, if in fact 


one exists. Apparently real differences exist above 


and below the practical range where the present 


micronaire readings are already of questionable 


a." ms 
be lumen permeter 
externa! permeter 


(a) 
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Fig. 1. 


Fiber cross section diagrams 
utility. The newly proposed scale would not only 
extend the present scale but would replace the em- 
pirical scale with a scientific scale easily defined and 
with only insignificant changes in the practical range. 

A second interpretation of equivalent fiber thick- 
ness is based on an average fiber thickness taken in a 
particular fashion. The average thickness might be 
obtained by taking the average distance across the 
cross section (Figure lc) in parallel fashion at equal 
intervals. If these equal intervals are taken equi- 
distant along the perimeter, some segments between 
parallels will be wider than others. It can be shown 
that the equivalent fiber thickness is the average 
distance across the cross section weighted according 
to the segment width. This method of weighting has 
the distinct advantage of giving a value independent 
of the direction of the parallels and hence is a meas- 
ure of the fiber dimension regardless of orientation. 

It should be noted that the double wall thickness 
2(R 


(r/R)r are different but equally valid measurements 


r) and the equivalent fiber thickness R - 
of cell wall thickness. Their ratio is given in Table 
II for several values of r/R. Without some other 


measurement, such as perimeter or maturity, the 
idealized fiber cross section is not completely de- 
termined. The wide acceptance of micronaire read- 
ing indicates, however, that cell wall thickness or 


equivalent fiber thickness is an important property, 
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TABLE II. Ratio of Equivalent Fiber Thickness to 


Twice Wall Thickness 


Equivalent fiber thickness 


twice wall thickness 


E 3 
r R 


Cotton R 2 

0.70 
0.75 
0.80 
0.85 
0.90 


Very mature 0.4 
Mature 0.5 
Average 0.6 
Immature 0.7 
Very immature 0.8 


even though it gives only a part of the cross section 
information. 

It is most fortunate that twice the cross-sectional 
area divided by the perimeter gives the equivalent 
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fiber. thickness directly and that this dimension is 
almost indistinguishable from the micronaire read- 
ing of wide practical usage. The adoption of the 
proposed scale would cause little difficulty in the 
market place and at the same time would give 
clarity and scientific standing to an otherwise practi- 
cal but unclarified measurement. 
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The Occurrence of Myrothecium on Field Cotton 


School of Textiles 

Clemson Agricultural College 
Clemson, South Carolina 
January 20, 1958 


To the Editor 
TEXTILE RESEARCH JOURNAL 


Dear Sir: 


The fungi commonly found on normal field cotton 
and on cotton weathered before harvesting belong 
in large measure to only a few genera—Alternaria, 
Cladosporium, Fusarium, Diplodia, and sometimes 
Colletotrichum—and show much less variety than 
those found on stored raw cotton and on exposed 
cotton fabrics. A review of the species found is 
given by Marsh et al. [6, 7, 8], who introduced a 
simple method for identifying these fungi by placing 
small tufts of the cotton sample on a thin layer of 
2% water agar and allowing a short period for in- 
cubation before examination. Using this method, 
the present author confirmed the above findings with 
field cotton from Clemson, S. C. and Athens, Ga. 
and found exactly the above-mentioned fungi [4]. 
In tightlock and boll rot of cotton, Arndt [1, 2] and 


Marsh [7, 8] found in addition to these fungi also 
a few other species (Nigrospora, Rhizoctonia, Mac 
rophominia, Rhinotrichum, and Curvularia). These 
are to the author’s knowledge the only fungi re 
ported from field cotton. 

In a bacteriological study of field cotton [5] the 
author used a substrate particularly suited for the 
growth of bacteria. It consisted of a sheet of puri 
fied cotton paper, placed on a thin layer of 1%. agar, 

inorganic salts: KNOQO,, 
Of #3 Baar ou, Gi e.; MeSO,, 0.02 «.; Call, 
0.01 g.; FeCl,, 0.002 g.; tap water, 100 ml.; pH ad 
Although this 
mainly bacteria developed, also colonies of fungi 


containing the following 


justment, 7.0-7.5. with substrate 


were obtained. The most important of these were 
(Alb. & 
Schw.) Ditm. ex Fr. (= Metarrhizium glutinosum 
The 


rence of the first species appears to be of special in- 


identified as Myrothecium  verrucaria 


Pope) and Stachybotrys atra Corda. occur 
terest, since it is considered to be the most powerful 
cellulose-destroying fungus known. It is actually 
more powerful than Chaetomium, and therefore has 
been widely introduced into the laboratory lately in 
stead of Chaetomium in studies on preservation of 
cotton materials. 





May 1958 

Although this fungus has been isolated a few 
times from exposed cotton cloth, it has not been 
found on raw cotton, and Siu remarks in his book 
[11], page 159, “It is not quite yet clear why My- 
rothecium verrucaria, which is about the most pow- 


erful cellulose-destroying species in the laboratory, 


is practically never observed fruiting or growing on 
cotton fabrics in the field On field cot- 
ton, the present author did not observe any fruiting 


Taw 


either, but in filter paper cultures, conidia rapidly de 
veloped. A remarkable fact was that this fungus is 
The 
author's identification was confirmed by comparison 
with USDA." 


With regard to taxonomy of 


often associated with a yellow my.xobacteria. 


standard material from 
this fungus, the 
reader is referred to the article by White and Down 
ing [12], who first recognized its real nature, Pres- 
ton [10], Pope [9], and Brian [3]. 

The Stachybotrys 


known to have a very high cellulose-destroying ac 


other fungus, atra, is also 
tivity and has not yet been described to occur on 
field cotton. 

A third interesting fungus, generally isolated from 
weathering cotton with this substrate, produced a 
deep purple mycelium on filter paper and destroyed 
the paper in a short time; under the microscope the 
hyphae show the same intense color, clearly con- 
trasting with the affected fibers. It was not pos- 
sible to obtain fructifications. Later on, commercial 
cotton samples were received from various mills, 
which samples showed spots of exactly the same 
purple color and which were found to contain the 
same purple mycelium. 

The above observations show that by using other 
substrates than customary,  cellulose-destroying 
fungi not reported so far can be isolated from field 


cotton. 
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Surface Active Agents and Detergents. Vol. 
Il. A. M. Schwartz, J. W. Perry, and J. Berch. 
New York, Interscience, 1958. 856 pages, 26 illust. 
Price $17.50. 


Reviewed by J, Edward Lynn, Colloid Chemical 
Engineer, Old Greenwich, Conn. 


Volume I, “Surface Active Agents,” by Schwartz 
and Perry, has been an invaluable aid since 1949 to 
workers dealing with surface activity. When it was 
published, the authors planned to revise this volume 
periodically so that it would never be more than a 
Volume II is the result of 


the first attempt at revision and updating. 


few years out of date. 


It was soon apparent that so much had happened 
in the surface agent field since 1949 that revision 
would result in either a very bulky volume, a two 
The authors 
wisely chose to retain Volume I as the foundation 


volume set, or inadequate coverage. 


and to use Volume II to cover new developments. 
Although owners of only Volume II may feel they 
are starting in the middle, a study of the ample ref- 
erences will allow them to cover the early ground 
or, preferably, Volume I can still be purchased for 
$12.00 a copy. 

Volume II covers many diverse subjects, some 
of which might not appear to belong therein because 
we are not accustomed to think of their surface ac- 
tivity as being important. As the authors have ably 
200 pages) 


even these 


demonstrated, especially in Part IV 
“Practical Applications of Surfactants,” 
doubtful areas are germane. 

References are ample and quite inclusive. How- 
ever, the book is not a mere compendium of the 
literature, a class into which so many recent tech- 
nical books seem to fall, but offers a good explana- 


tory text which often becomes a conclusive critique 
of present knowledge. 

The text type can be easily read and is set off 
from the page footnotes. While there are not many 
mechanical errors, this reviewer would be happier 
to see his name spelled the same way each time it 
appears. No technical errors were apparent in the 
sections of most interest to this reviewer. 

“Surface Active Agents and Detergents,” Volume 
II, can be recommended unequivocally as a defini- 
tive piece of literature which will never gather dust 
in a progressiye laboratory. It should become the 
‘bible’ and first reference source of workers in the 
field of surfactants, syndets, and surface phenomena. 


Handbook of Chemical Data. F. W. Atack, Ed. 
New York, Reinhold, 1957. 629 
$6.75. 


pages. Price 


This compact reference book is an excellent com- 
pilation of chemical data, including physico-chem- 
ical constants, nomenclature of organic compounds, 
conversion tables, five-figure logarithm tables, men- 
suration formulae, a handy table of mechanical con- 
stants and their logarithms, etc. 

Of special interest is the seciion on qualitative 
and quantitative analysis; concise yet comprehen- 
sive, it covers several schemes of analysis in an easy- 
to-follow format. 

Containing the boiled-down data of a reference 
shelf of texts and weightier handbooks, this slim 
volume should be useful to chemists and chemical 
engineers in every field; it is of special value to the 
instructor or basic research worker as an accurate 
and timesaving source of information. 








